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Abstract 
Switched reluctance motors with fully pitched windings are a relatively recent 
advancement in motor technology having only been in existence since the early 1990's. 
They have been shown previously to offer greater torque per unit copper loss, and hence 
higher torque density, than conventional switched reluctance machines with short 
pitched windings. Early work by Mecrow and Barrass has demonstrated operation of 
prototype machines, developed and assessed various methods of control strategy, and 
made some comparisons of machine efficiency and inverter rating. The results presented 
here build on this early work by, in essence, examining the aspects of machine design, 
control strategy and inverter topology that affect drive performance and cost. 
Detailed comparisons of inverter rating and machine efficiency are made under equal 
conditions with the various methods of excitation that are possible. This is achieved with 
results from a test rig, including temperature rise tests, and the use of accurate dynamic 
simulation. The latter is developed to accurately model the motor with its strong mutual 
coupling between phases, various inverter topologies and the details of the controller 
such as digital PWM. As a result comparisons between simulated and measured results 
are shown to be very good. 
The fundamentals of machine design are examined with a view to optimising the 
machine for fully pitched windings. Previous work has indicated that good results are 
achieved when a conventional machine is simply rewound, however it is shown that 
further improvements can be made. 
Proposals are made to improve the drive in terms of both machine performance and 
power electronic rating. A search method is proposed that optimises current waveshape 
for either maximum torque per unit copper loss, or smooth torque for lowest loss. The 
method works over the entire speed range, as the rate of change of flux linkage is taken 
into account. Three alternative power electronic converters are developed, one of which 
is also particularly suitable for the short pitched winding machine. Aspects of silicon 
rating, current controllability, and current sensor requirements are discussed. 
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Chapter I- INTRODUCTION 
Chapter I- INTRODUCTION 
1.1 Historical Background to the Switched Reluctance Motor 
The switched reluctance motor can, paradoxically, be described as being both a very 
new and a very old machine at the same time. Faraday famously made the first 
demonstration of the conversion of electrical energy into mechanical energy in 1822. 
His apparatus consisted of a metal rod suspended over a pool of mercury, the centre of 
which contained a powerful magnet. Only a short time later, in 1838, VVH Taylor 
obtained a patent for his "electromagnetic engine", details of which are given in [1.1]. 
This consisted of a wooden wheel containing seven pieces of soft iron and four 
stationary electromagnets. A mechanical commutator was used to magnetise one of the 
electromagnets, causing the wheel to rotate and hence a torque to be produced. The 
wheel rotated until the pole piece came into alignment with the electromagnet, at which 
point no further torque was produced and the electromagnet was tamed off. Because the 
number of electromagnets and pole pieces differed, it was then possible to continue to 
produce torque by switching on one of the other electromagnets. This demonstrated the 
basic principles of the switched reluctance motor, that is, production of torque by the 
alignment principle and the need to maintain motion by the switching on and off of 
electromagnets at the correct time and position. 
An early application of a switched reluctance motor was demonstrated in 1842 by R 
Davidson, when he powered a locomotive on the Edinburgh to Glasgow railway [1.2, 
1.3]. Performance was, however, restricted to 4mph, thus demonstrating some of the 
problems associated with these earliest of motors such as electromagnetic design and the 
control of Power to the electromagnets. The latter meant that DC and induction 
machines became dominant over the next century due to their simplicity of control. 
Besides the invention of the stepper motor by Walker in the 1920's, no significant 
development work continued until the 1970's, after the invention of semiconductor 
devices. Semiconductor devices made a Significant advance in two main areas within the 
I 
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SR motor. Firstly, power electronic devices such as the thyristor could be used to 
efficiently control the flow of power to the electromagnetic coils (or phases). Secondly, 
control electronics could be used to synchronise the currents in the phases with the 
position of the rotor. In 1972 Bedford [1.4] described some of the earliest examples of 
such control methods, and the following decade saw the development and understanding 
of the SR motor as it is today. Notable papers during this time include Bausch et al 
[1.5], Lawrenson et al [1.6], Byrne et al [1.7], Stephenson et al [1.8], Miller et al [1.9], 
and Ray et al [1.10]. These papers described the control, design, characterisation, 
simulation and power electronic rating of the modem SR motor. 
Since then much work has concentrated, for example, on the reduction of cost and any 
impact on drive performance. The SR motor itself is fundamentally robust and low cost 
due to its simple stator windings and geometry. This machine, however, cannot be 
connected direct to an AC supply as an induction motor or universal machine can. The 
power electronics and control needed to drive the SR motor are a large proportion of the 
overall cost, and much work has concentrated on new converter topologies with a lower 
number of switches per phase. In addition the number of phases itself has a large impact 
on cost and performance. Examples of such work are by Pollock et al [ 1.11], [ 1.12], 
[1.13], Lipo et al [1.141, Harris et al [1.15]. Other areas of work included the reduction 
of acoustic noise and torque ripple, for example Cameron et al [ 1.16], Wu et al [ 1.17]. 
In the early 1990's Mecrow made a significant advance in the fundamental design of SR 
machines. A new winding arrangement is described in [1.18] and the patent application 
of 1991 [1.19], its aim being to increase winding efficiency and hence increase torque 
output in a given motor frame size. The windings were "fully pitched", meaning that a 
winding enclosed as many stator teeth as there were phases. In contrast, a conventional 
SR motor winding only encloses one stator tooth. The motor was characterised by strong 
mutual coupling between phases, and torque was produced when two or more phases 
were excited at a time, when this mutual coupling changed with position. Chapter 2 will 
describe this phenomenon in detail. 
Initial work was carried out by Mecrow on a prototype machine to measure flux linkage 
and static torque characteristics [1.20]. The first real time operation of a fully pitched 
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winding motor was developed by Barrass [1.21]. Subsequent papers have described 
control with unipolar phase currents (Barrass, Mecrow, Clothier [1.22]) and bipolar 
currents (Barrass, Mecrow, Clothier [1.23]). Further work by Barrass [1.20] included the 
use of flux linkage control and genetic algorithms to improve performance, and acoustic 
measurements. 
1.2 SR Motor Characteristics and Applications 
Figure 1.1 shows a cross section of a typical modem day three phase SR motor. In the 
machine shown, one phase consists of two stator coils connected in series. The motor is 
operated by sequentially exciting each phase in turn, with torque being produced by the 
alignment principle i. e. the rotor will tend to turn into such at position to minimise the 
reluctance of the excited magnetic path. Chapter 2 will describe this operation in more 
detail. However, it can be seen that to operate in an efficient manner the machine 
requires a controller to determine which phase should be excited, and power electronics 
to control the flow of power to the relevant phase. Typically, then, the controller would 
require feedback from a position detection device such as an optical encoder or hall 
effect sensor to determine the rotor position. Current is usually controlled to a fixed 
value during phase excitation, primarily as a means of controlling torque and protecting 
the power electronic devices. 
Figure 1.1 Cross section of a typical three phase SR motor with short pitched windings 
showing a representation of the flux produced with phase I conducting. 
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Compared to a DC or induction motor the design of both the magnetic circuit and the 
windings are very simple, and therefore robust. The rotor in particular differs from any 
other type of machine in that it does not contain a winding or require brushes. It is 
therefore highly suitable for applications requiring high speed operation. Starting torque 
in the three phase machine is high, and the machine exhibits excellent controllability and 
efficiency over its entire speed range, in contrast for example with the induction motor. 
Figure 1.2 shows the most common power electronic topology, the asymmetric half 
bridge, to control the phase currents (see Lawrenson et al [1.6]). Energy is typically 
supplied from a rectified AC supply and is fed into the DC link capacitor shown in 
Figure 1.2. Each phase has two controlled power electronic devices and two diodes. 
Thyristors were initially used for the controlled power electronic devices, but have been 
replaced in recent years by superior devices such as IGBTs (Insulated Gate Bipolar 
Transistor) and MOSFETs (Metal Oxide Field Effect Transistor). This topology offers 
maximum flexibility. When both controlled devices are turned on, the DC link voltage is 
applied across the phase, rapidly increasing the current. When the devices are turned off, 
current continues to flow in the winding due to the phase inductance, and is therefore 
forced to flow through the diodes. This applies the negative of the DC link voltage to the 
phase, rapidly decreasing the current. This is important for high speed operation when 
the phases must be turned on and off rapidly to maintain performance. If current 
continues to flow in a phase after the rotor and stator poles have aligned a negative 
torque will be produced. 
Vdc 
I 
Figure 1.2 Three phase asymmetric half bridge inverter. 
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Much work has focussed on reducing the power electronic cost, which is a large 
proportion of the overall cost of the SR drive. This can be achieved by reducing the 
number of phases and reducing the controlled switches per phase with alternative 
topologies (see Pollock [ 1.17]). While this does reduce cost, there is always a reduction 
of some kind in machine performance. A two phase machine, for example, only requires 
four switches, but suffers from very low starting torque. However, in a fan load 
application this may not be important. 
The SR motor, then, can be designed with a wide variety of power electronic topologies, 
number of phases, and lamination designs. These produce marked differences in overall 
cost and performance. This is of benefit, in that particular combinations of motor, power 
electronics, and control design can be targeted and optimised for particular applications. 
SR motors are suitable, and becoming increasingly competitive, in applications as 
diverse as domestic appliances, standard industrial drives and servos. Note that this wide 
variety of configurations and applications makes the assessment of advancements in 
fundamental design, such as the fully pitched winding, difficult to generalise. 
1.3 Objectives of the Work 
The objectives of the work carried out by the author are as follows: 
Development of an accurate dynamic simulation of both the short pitched and fully 
pitched winding SR machines. 
Design of a machine optimised towards the fully pitched winding, if possible. 
Use of simulation and test rig results to evaluate performance in terms of- 
" Power electronic rating 
" Torque rating 
Development of design improvements to increase torque output further and reduce 
power electronic rating. 
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1.4 Overview of the Thesis 
Chapter 2 describes the definition of a short pitched and a fully pitched winding SR 
machine. Operation of the machines is described in terms of the desired phase current 
shape, and how torque is subsequently produced. The concept of "transformation 
matrices" to aid understanding and simulation of the fully pitched winding machine is 
introduced. 
Chapter 3 describes the method of simulation, and how the model was developed to 
accurately cope with variation of mutual coupling with position and magnetic saturation. 
The full effects of PWM control are included so that, for example, power electronic 
rating comparisons can be accurately made. 
Chapter 4 uses the simulation and finite element analysis to optimise the design of a 12- 
8 SR machine. Assessments are also made of designs with 1,2,3,4 and 5 phases in 
terms of desired phase current shapes and copper losses. 
Chapter 5 shows operation of the prototype motor on the purpose-built test rig, and 
compares waveforms such as current and torque to validate the accuracy of the 
simulation model. Comparisons are made with a variety of excitation methods e. g. 
unipolar and bipolar currents. Bipolar operation with star connected winding is also 
possible and, as will be shown, is particularly difficult to simulate. 
Chapter 6 uses the test rig combined with simulation results, to assess machine 
performance, torque rating, and power electronic rating with the various methods of 
excitation under the same conditions. 
Chapter 7 describes a search method that was developed to find the optimal current 
waveshape to achieve either the highest torque per unit copper loss, or smooth torque 
output for the lowest copper loss. As will be seen, power electronic rating is also 
reduced for a given machine power output. 
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Chapters 8 and 9 describe three novel power converters developed for operation of three 
phase machines with either short pitched or fully pitched windings. Significant 
advantages will be demonstrated particularly in the fully pitched machine in terms of 
power electronic rating and control costs. 
1.5 The Contribution to Knowledge 
The following is a summary of achievements that the author believes are previously 
unpublished: 
"A full dynamic simulation of the fully pitched winding machine. 
"A machine lamination design optimised for fully pitched windings. 
" Power electronic ratings comparisons of unipolar and bipolar operation of the ftilly 
pitched and short pitched winding machines for the same machine output. 
" Determination of torque rating for a given winding temperature rise with unipolar 
and bipolar operation of the fully pitched winding machine. 
"A new search method to find optimal fully pitched winding bipolar currents for either 
highest torque per unit copper loss, or smooth torque with lowest copper loss, at any 
speed. 
" Three novel power converters and development of current sensing arrangements and 
control strategies for the fully pitched winding machine. 
" Development of a dead time compensation technique to improve current waveshape 
in the above inverters. 
" Current sensing and control strategy for the short pitched winding machine operated 
from a modified three phase bridge circuit 
"A dead time compensation technique for the above inverter to improve current 
waveshape. 
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Chapter 2- SWITCHED RELUCTANCE MACHINES 
WITH FULLY PITCHED WINDINGS 
2.1 Introduction 
Traditional switched reluctance machines come in many varieties. The number of 
phases, the number of poles, the shape of the stator/rotor teeth, the control strategy, and 
the type of inverter can all be varied over a wide range. Each one in turn can be 
considered advantageous depending on the demands of the specific application. They 
all, however, have one feature in common, which is that the windings are short pitched 
i. e. wound around a single pole. 
This chapter examines the definition and characteristics of the short pitched winding. 
The concept of the fully pitched winding will then be introduced and its possible modes 
of operation, method of torque production, and potential benefits will be explained. 
2.2 The Short Pitched Winding Machine 
The cross sectional view of a typical SRM with short pitched windings is shown in 
Figure 2.1. In this instance the machine has 3 phase windings, 6 stator teeth, 4 rotor 
teeth and is hence referred to as having a 6-4 geometry. Each stator tooth has a coil 
wrapped around it. In a three phase machine the coil on every third stator tooth is 
connected together in series to form one phase winding. Therefore in the case of the 6-4 
geometry shown, the two coils directly opposite each other are connected together. if a 
current is forced into one of the phases a MMF is produced down each of the associated 
stator teeth and a flux is ProducedýFig 2.1 shows a representation of the flux pattern that 
would be produced with phase I excited (Figure 2.7 later in this chapter shows flux 
plots produced from finite element analysis). 
"I jhe salient nature of the rotor and the stator results in the self inductance of a phase 
varying with position. In other words, the reluctance of the magnetic circuit that each 
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phase 'sees' varies with position. With one of these phases excited there will be a 
tendency to minimise this reluctance by bringing the rotor and stator teeth into 
aligrunent, hence torque is produced. 
It can be seen from Figure 2.1 that the flux produced by phase I does not link with 
either of the other phases, hence there is no mutual inductance or coupling between 
phases. In practice there is usually some coupling but in most cases it is small enough to 
ignore (Moreira and Lipo [2.11 investigated the validity of this assumption). Torque is 
only produced by variation of self inductance with rotor position. If no saturation of the 
magnetic circuit occurs then torque can be calculated as follows: 
1 i2 dL 
2 dO 
(2.1) 
Figure 2.2 shows how the self inductance of a phase varies with position in an idealised 
unsaturated machine. It is shown simplified here, with rising inductance for one third of 
the electrical cycle, falling inductance for one third, and no variation for the other third. 
As indicated in Equation 2.1 the direction of the change in inductance with position 
determines whether positive or negative torque is produced (i. e. motoring or 
generating). Therefore, to produce a continuous positive torque on the rotor, the 
unipolar currents shown in Figure 2.2 should be forced into the machine. 
Figure 2.1 Cross Section of a3 phase 6-4 SRM with short pitched windings. Representation of 
the flux pattern produced with phase I excited. 
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Note that in practice inductance varies more sinusoidally with position and therefore it is 
possible to produce a small amount of extra torque by extending the period of excitation 
up to one half of the electrical cycle, as indicated by the dotted lines in Figure 2.2. 
Equation 2.1 also shows that the direction of the current has no effect on the direction of 
torque produced. Only the timing of the excitation makes a difference, hence the need 
for knowledge of rotor position. This analysis shows that both the electrical and 
magnetic circuits are under utilised, particularly the former as only one third of the 
available copper in the machine is being excited at a time. 
La 
Lb 
Lc 
i" 
lb 
Ic F-I rI 
0 360 720 1080 1440 
Rotor position (electrical deg) 
Figure 2.2 Simplified variation of self inductance with rotor position, and current waveforms to 
produce positive torque. 
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2.3 The FuHy Pitched Winding Machine 
The winding arrangement for the fully pitched winding SRM is shown in Figure 2.3. In 
contrast to the short pitched arrangement each winding encloses three stator teeth in a 
three phase machine, and is hence fully pitched. Mecrow [2.2] first described this 
arrangement and demonstrated its potential for reducing copper loss for a given torque 
output. Further publications by Mecrow [2.31, Barrass et al [2.4], Barrass [2.5], Barrass 
et al [2.6] went on to demonstrate its operation and performance in more detail. Unlike 
the short pitched winding machine, operation is possible with both unipolar and bipolar 
currents as will be demonstrated over the next two sections. 
2.3.1 Unipolar Operation 
Figure 2.3 shows Phases B and C excited with a unipolar current and it can be seen that 
this produces the same flux pattern as the short pitched winding machine (see Fig. 2.2). 
The difference is that twice the amount of copper is utilised to achieve this same level of 
flux in the stator teeth (and hence the same torque). If the same number of turns per slot 
is assumed, then the current in each phase can be halved to achieve the same torque 
output. This is an example of how the fully pitched winding machine can achieve lower 
copper losses for a given torque output. 
Figure 2.3 Cross Section of a3 phase 64 SRM with fully pitched windings (only one phase 
shown for clarity and wound in a double layer arrangement). Flux pattern shown for phases B 
and C excited. 
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Inspection of Figure 2.3 reveals that the self inductance of each phase essentially does 
not vary with position - there is a constant area of overlap between the three stator teeth 
that the winding encloses and the rotor teeth. There is now, however, a large amount of 
mutual coupling between phases. This is indicated in Figure 2.3 by the fact that the flux 
now links all three phases. The amount of mutual coupling between phases varies 
strongly with position, and a simplified version is shown in Figure 2.4. A more general 
expression for the torque generated in a SRM is given in Equation 2.2. 
1 2dLa +I ib2 ýýLb +I i2ac 
dMab+ dMbc 
+ 
dMc,, 
+ iab (2.2) T 'a --c ibic icia 
2 dO 2 dO 2 dO dO dO dO 
This differs from Equation 2.1 because mutual coupling between phases is generally 
very small in the short pitched winding machine and was therefore ignored in that 
analysis. In this analysis of the three phase fully pitched winding machine, variation of 
self inductance is very small and therefore the first three terms in Equation 2.2 can be 
ignored instead. 
Mab 
bc 
Mca 
I 
Ib 
I 
40 
Figure 2.4 Simplified variation of mutual inductance with rotor position, and current waveforms 
to produce positive torque. 
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The equation shows that with a rising mutual coupling between two phases a positive 
torque can be produced if those two phases conduct with a positive current. This leads to 
the waveforms shown in Figure 2.4. These waveforms relate to the flux pattern shown in 
Figure 2.3. Two fully pitched phases excited with positive currents produce the same 
pattern as the short pitched winding machine with only one phase excited i. e. an MMF is 
produced down one pair of stator teeth only. The difference is that torque is derived 
from the variation in the mutual coupling between the two excited phases, rather than 
variation of self inductance. 
A simplistic analysis of the copper losses can now be performed. If the same number of 
turns are assumed per slot as in the short pitched winding machine, then the current in 
each fully pitched winding is half to achieve the same total number of ampere-tums 
driving flux down that stator tooth. Two phases, however, conduct at any one time, 
therefore: 
LossFp 
=2* 
(0.5)2 RFp 
Losssp 1* (1)2 Rsp (2.3) 
If RFp is assumed to be equal to Rsp, then copper losses in the fully pitched machine are 
reduced to half that of the short pitched winding machine. It then follows that, in a 
machine where the magnetic circuit does not saturate, the torque output for a given loss 
increases by a factor of 2. In a real machine, however, two effects reduce this apparent 
gain in specific output. 
* The endwinding length is inevitably longer in the fully pitched winding machine i. e. 
RFp > Rsp (compare Figures 2.1 and 2.3). The relative effect of the endwinding 
depends on both the aspect ratio of the machine and also the geometry. A 12-8 
geometry has a smaller endwinding length than a 6-4 machine for instance (as will 
be demonstrated in Chapter 4). 
The magnetic circuit saturates in any SR machine operated at rated torque output. In 
this region torque is no longer proportional to the square of the current, it becomes 
more proportional to the current. 
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2.3.2 Bipolar operation 
Further inspection of Equation 2.2 reveals that it is possible to produce positive torque 
in the region where the mutual inductance between phases is falling, as long as one of 
the phase currents is negative and the other positive. Figure 2.5 shows that the current 
waveforms necessary to achieve this are the same as that used in many brushless DC 
motors i. e. alternating 1200 periods of constant positive and negative current. Note that 
in this instance the electrical period has, in fact, been defimed over a period of 720', and 
therefore 240' conduction occurs. This is simply to avoid conftision when relating 
conduction periods with bipolar waveforms to those with unipolar waveforms - with this 
definition the same electrical period (360') corresponds to a rotation of one rotor tooth 
pitch in both cases. 
M, 
at) 
bc 
M 
Ia 
lb 
I 
Figure 2.5 Idealised variation of mutual inductance with rotor position, and 240' bipolar current 
waveforms to produce positive torque. 
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Another case to consider is where both the rising and falling mutual inductances are 
utilised. Figure 2.6 shows this case, where all phases conduct at the same time, carrying 
a squarewave of current. The resulting flux pattern can be seen in Figure 2.7 and is 
shown in comparison to the other two basic excitation methods. In all three cases the 
rotor is at, or near, its aligned position. 
It can be seen that bipolar squarewave excitation utilises all the copper in the machine at 
the same time and in that respect is making the best utilisation of the electric circuit. Not 
all of the flux, however, can be directed down the desired stator teeth and negative 
torque is therefore produced on some stator teeth (see Fig. 2.7). A variation on this 
excitation method is to use sinusoidal shaped currents instead of square. It is unclear at 
this stage as to which bipolar waveform is best in terms of torque per unit copper loss as 
well as other important criteria, such as power electronic rating. Simulation work and 
results from a test rig are used to make an assessment later in this thesis, including 
comparisons with other modes of operation. 
Mab 
mbe 
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I 
Figure 2.6 Idealised variation of mutual inductance with rotor position, and 360' bipolar current 
waveforms to produce positive torque. 
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(a) One phase excitation of the short 
pitched winding machine 
(c) Two phase bipolar excitation of the 
fully pitched winding machine 
(b) Two phase unipolar excitation of the 
fully pitched winding machine 
(d) Three phase bipolar excitation of the 
ftilly pitched winding machine 
Figure 2.7 Flux plots generated from FE for the short pitched and fully pitched winding 
machines 
2.3.3 Transformation Matrices 
The concept of transformation matrices used with fully pitched winding machines was 
first introduced by Mecrow [2.31. It will be shown that the use of the matrices 
considerably simplifies the analysis and the simulation of this type of machine. 
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So far the comparison between the operation of a fully pitched and a short pitched 
winding machine has been made assuming no saturation in the machine. In practice 
large amounts of saturation occur in the magnetic circuit, and it is therefore 
ffindamentally important to take this into consideration when designing or simulating a 
machine. In the short pitched winding machine, saturation means that flux linkage in a 
phase is a non-linear function of rotor position and the current in that phaseAEither finite., -q 
element analysis or measurements on an actual machine can be made to measure this 
flux linkage at various different currents and rotor positions. The machine can then be 
'characterised! with a set of curves of phase flux linkage versus phase current at various 
different rotor positions. Once this information is known it can be used to predict, for 
example, the current in a phase or the torque produced from itý. ortunately there is no, 
or very little, mutual inductance or coupling between phases. This means that the 
analysis need only consider each phase independently, as operation of each has no effect 
on the others. This is a relatively simple problem to solve. 
In the case of the fully pitched winding machine, however, flux linkage in a phase is a 
non-linear function of rotor position and the currents in all phases. This is a highly 
complex problem in comparison, and is due to the large amount of mutual coupling 
between phases. It makes the machine both very difficult to simulate and difficult to 
understand. 
To get over this problem Mecrow [2.3] introduced a set of transformation matrices 
which could be used to convert parameters such as current, flux linkage and voltage into 
corresponding values in a set of fictitious short pitched windings. More appropriate 
terminology for 'fictitious short pitched' parameters is perhaps 'single tooth' 
parameters. This, then, had the effect of decoupling the phases and hence greatly 
simplifying the problem. 
Consider the following example of unipolar excitation. Figure 2.8 shows the fully 
pitched winding machine with phases B and C excited. The resulting flux pattern due to 
these currents is also shown. The same figure also shows the same machine, except with 
short pitched windings. To produce the same flux pattern phase 1 needs to be excited. 
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Figure 2.8 Unipolar excitation showing phase currents to produce the same flux in the fully 
pitched and short pitched winding machines. 
The MMFs in each slot can now be examined. If the same number of turns per slot is 
assumed, then by inspection the following equivalence is derived: 
23 (2.4) IA 22 
I -,: -I] - 
13 
(2.5) 
,B22 
--I-2 (2.6) Ic `ý 22 
This is summarised with the following matrix: 
0 _Y2 -Y2- II- 
-Y 20 
Y2 1 2 (2.7) 
-Y 2- 
Y2 0- 
-, 3- 
Therefore for the example shown in Figure 2.8 where 12 and 13 are zero: 
IA= 
1B =I 2 
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Ic 
In other words, with unipolar excitation the current in the short pitched phase needs to 
be twice that of the fully pitched phases. 
By inverting the above matrix Equation 2.7 can be rewritten in terms of the single tooth 
cuffents: 
1 -1 -1- IA 
12 -1 1 -1 1B 
-, 
3- --l 
-1 1- 
-I 
C- 
(2.8) 
This introduces the concept that with any combination of currents in the fully pitched 
machine it is possible to calculate an equivalent set of currents in a short pitched 
winding machine using a transformation matrix. A similar analysis of the machine is 
done to derive the following transformation matrices for flux linkage and voltage. 
Notice the transformation matrix is the inverse of the one used for currents. 
TA1 -1 -1 TI 
TB -1 1 -1 T2 (2.9) 
T -1 -1 1T C- 3- 
v VB 
2 
vIv 
C- 3- 
The above equivalences make the following assumptions: 
e The position of a winding within a slot does not affect tooth N1Ws or leakage fluxes. 
The excitation of more than one pole pair does not saturate the core back any ftu-ther 
than it would have done with only one pair excited. The transformations rely on the 
ability to treat pole pairs separately, but the core back region is an area where flux 
paths are common. 
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The use of the transformation matrices means that at any instance in time the fully 
pitched winding machine parameters can be converted into the equivalent single tooth 
parameters. Once this has been achieved the machine can be analysed as if it were a 
short pitched winding machine, which considerably simplifies the problem as in this 
situation the phases are not mutually coupled together and can therefore be treated 
independently. Some examples of how this can be used in a practical situation are as 
follows: 
9 Fluxlinkage 'characterisation'of afully pitched winding machine 
Measuring the flux linkage characteristics of one phase in a three phase fully pitched 
winding machine is very difficult as the flux depends on four variables - current in 
all three phases and rotor position. This is too complex to measure or analyse. It is 
much easier to analyse the machine as if it were a single tooth winding machine and 
use the transformation matrices to convert the currents and fluxes into equivalent 
single tooth values. The flux linkage characteristics of these equivalent single tooth 
windings needs to be determined. This is achieved by connecting two of the fully 
pitched windings in series and passing a current through both of them. As can be 
seen in Figure 2.8 these two fully pitched phases now act in the same way as the 
equivalent single tooth phase would. The machine is therefore characterised as if it 
were a single tooth winding machine, where flux linkage only varies with the current 
in that phase itself and rotor position. This is described in more detail in Appendix 
A. The same principle was used during flinite element modelling. 
4P Calculation of torque in afilly pitched winding machine 
Once the flux linkage characteristics are known, the torque characteristics can be 
calculated using the principle of co-energy i. e. curves of torque against current for 
different rotor positions. The method for doing this is described in Chapter 3. These 
torque characteristics are, however, for one fictitious short pitched phase. To utilise 
this data in the real machine the transformation matrices are used to convert the fully 
pitched winding currents into the equivalent single tooth values. Torque can then be 
calculated for each of these fictitious phases and then summed together to determine 
the total machine torque. 
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Simulation 
Chapter 3 will describe how the simulation uses the flux linkage/current/rotor 
position data to predict current at the end of each time step. Flux linkage is 
determined by integrating the voltage applied to a phase by the inverter; position at 
each time step is known as a fixed speed is assumed. Knowledge of two of the 
parameters means that the third, the current, can be calculated. Again, however, this 
flux linkage data is based on short pitched windings. Simulation of a fully pitched 
machine involves using the transforms to convert parameters into their single tooth 
equivalents during the calculations that take place every time step. Briefly, phase 
flux linkage, which is known, is converted into the equivalent single tooth flux 
linkage using Equation 2.9. Position is also known, so the flux linkage data can then 
be used to calculate the equivalent single tooth current. Finally, Equation 2.7 is used 
to convert the current back into the real ftilly pitched winding current. These steps 
are then repeated for the next time step. 
Note from Equation 2.7 that the polarity of the currents change when converting 
between fully pitched winding and short pitched winding values. Torque production is 
independent of current direction in the short pitched winding machine, therefore for 
clarity in the forthcoming chapters the equivalent single tooth values will generally be 
shown with positive values. 
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2.4 Summary 
The fully pitched winding SR machine has been introduced. Cross sectional diagrams of 
a typical machine have been used to define what is meant by a 'fully pitched' winding, 
and what is meant by a 'short pitched' winding. 
It has been demonstrated that the nature of the fully pitched winding leads to strong 
mutual coupling between phases. Due to the salient nature of the SR machine the 
magnitude of this mutual coupling varies with rotor position. In addition, in the case of 
the three phase machine, the self inductance of a phase varies very little with position. In 
the short pitched winding machine the exact opposite is true - variation of self 
inductance with position is dominant and any mutual coupling between phases is usually 
small enough to ignore. 
The generalised expression for the torque generated in any SR machine has been used to 
demonstrate that both variation of self inductance and variation of mutual inductance 
with position can be used to produce torque (Equation 2.2). The conclusion from this 
equation is that, in the case of the short pitched winding machine, positive torque can 
only be produced when a phase conducts during its period of rising self inductance, 
which is the case for approximately one third of the electrical cycle. This leads to the 
commonly adopted 1200 conduction period. 
In the fully pitched winding machine the equation shows that numerous excitation 
patterns are possible. If only unipolar phase currents are used then phases should only 
conduct when the mutual inductance between one phase and another is rising. If bipolar 
currents are used then both the periods of rising and falling mutual inductance can be 
utilised. A summary of the main excitations patterns that are possible is as follows: 
Unipolar, square shaped, 240' conduction 
Bipolar, trapezoidal, 240' conduction 
Bipolar, squarewave, 3600 conduction 
Bipolar, sinusoidal, 3600 conduction 
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The idea of the fully pitched winding is to increase the utilisation of the electric circuit 
by operating at least two of the three phases at a time (in the case of a three phase 
machine). The flux pattern produced by unipolar operation with two phases conducting 
has been shown to be identical to the short pitched winding machine with one phase 
conducting. The result is a 50% reduction in copper loss for the same torque. This, 
however, has ignored the fact that endwinding length with fully pitched windings must 
be longer and therefore this apparent large gain in efficiency will not be so great. The 
machine aspect ratio and pole number will determine the relative length of the 
endwinding and therefore the magnitude of any gain in efficiency. Chapter 4 "Machine 
Design" will examine these effects in detail. 
The concept of 'transformation matrices' has been introduced. The flux linkage in a fully 
pitched winding is a non-linear function of rotor position and the currents in all three 
phases, which makes the machine both very difficult to simulate and difficult to 
understand. The transformation matrices enable values of phase flux linkage, current 
and voltage to be converted into the equivalent parameters in a short pitched winding 
machine. This makes analysis and simulation very much easier, as in the short pitched 
winding machine each phase is magnetically decoupled from the others and so each 
phase can be considered separately. The transformations are used extensively in the 
dynamic simulation software that is described in Chapter 3 to greatly simplify the 
problem. 
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3.1 Introduction 
The ability to simulate the fully pitched winding SRM, when fed from a power 
electronic converter, is highly desirable for two reasons. Firstly, it enables direct 
comparison on a like-for-like basis with the equivalent short pitched winding machine. 
Secondly, it can be used in conjunction with FE modelling to assess the impact that 
different machine geometries, inverter topologies and excitation patterns have on overall 
drive performance, including inverter rating, without having to construct every 
combination. It will therefore be used in creating the new machine design described in 
Chapter 4, and also help in explaining results from measured performance in Chapters 5 
and 6. 
An existing package called 'BDCM' had already been developed in the University using 
C code for simulation of Brushless DC Motors. This forms the basis of the SRM 
simulation, as the same core model that 'BDCM' used is also very appropriate for SR 
motors. 
This chapter discusses the theory behind the simulation, and how it was developed for 
both the short pitched and fully pitched winding machines. The model needs to cope 
with the highly saturating nature of the magnetic circuit in both types of machine, but in 
the fully pitched winding machine must also correctly model the strong mutual coupling 
between phases. 
Some comparisons with measured values and waveforms are shown, however the 
majority of simulation results will be presented in Chapters 5 and 6, where more 
extensive comparisons will be made with measured results using the new prototype 
machine that will be described in Chapter 4. 
24 
Chapter 3- SIMULATION 
3.2 Background 
An example of some of the earliest work on modelling of switched reluctance motors is 
that of Chai [3.1]. This work took no account of magnetic saturation, and therefore had 
severe inherent limitations in its accuracy. Further work by Singh and Kuo [3.2], Pickup 
and Tipping [3.3,3.4], Blenkinsop [3.5], Byrne and Dwyer [3.6] and Acarnley [3.7] all 
introduced magnetic saturation into the model. In each case either inductance or flux 
linkage was approximated with methods such as cosines, polynomials or Fourier series. 
Stephenson and Corda reviewed these methods in 1979 [3.8], in which they argued that 
inaccuracies in these models were due to the need to calculate the differential 
coefficients 
ýV-/ (0j) and 
dyf (0j) from curve fits of the tabulated data. Their method di dO 
used the following circuit equation in its simplest form to avoid the need for these 
differential coefficients: 
V/ = 
f(V 
- iR). dt (3.1) 
The machine was first characterised in terms of flux linkage against current over a range 
of rotor positions i. e. V/(O, i) (typical data is shown later in this chapter in Figure 3.1). 
This data was then inverted to give a table of i(O, y/) . Equation 3.1 was then used to 
calculate the values of V and i during a time step. A 4th order Runge Kutta integration 
method was used to improve accuracy. Excellent agreement between calculated and 
measured results was shown. 
Later work concentrated in two main directions. Curve fitting techniques were 
developed to simplify computation by avoiding the need for interpolation of the 
magnetic data. Torrey and Lang [3.9], for example, used equations based on a Fourier 
cosine series and good curve fits were achieved. Problems, however, were encountered 
with unwanted higher order harmonics on the curve fit, which fed through to ripple on 
the torque waveforms. Other work, for example by Miller et al [3.10,3.11], was aimed 
at substantially reducing computation time, at the expense of some accuracy, by 
producing empirical approximations to the flux linkage/current/angle data (other 
25 
Chapter 3- OVULATION 
approaches require relatively slow finite element analysis or measurements from an 
actual motor). Miller's method involved calculation of the aligned and unaligned flux 
linkage curves, with data for other positions being interpolated using an empirical 
formula. Note, however, that the introduction of more automated FEA techniques (Jack 
et al [3.12]) and ever increasing computer power have significantly increased the speed 
of the FEA approach. 
The emphasis on the simulation developed here for the fully pitched winding SR motor 
is accuracy rather than speed of computation. Accurate comparisons are needed between 
different machines in terms of torque, torque ripple, and copper loss as well as power 
electronic losses and rating. It is based substantially on the method described by 
Stephenson and Corda. Flux linkage data is either generated from FEA or measurements 
from an existing motor. This data is used in its tabulated form with quadratic 
interpolation used to calculate values between points. This approach can be seen as a 
form of curve fitting, however the key difference is that the curve is forced to go 
through all of the known points. This is a computationally intensive technique, but 
enables very accurate interpretation of the data. As with the Stephenson and Corda 
approach a0 order Runge Kutta method is used to improve the accuracy of the flux 
linkage integration during a time step. The increase in computational speed since the 
original paper means that accuracy can be finther improved using smaller time steps 
together with more accurate interpolation of the flux linkage data. 
As will be described, this forms the basis for the core model of the simulation for the 
short pitched winding machine. The fully pitched winding machine, on the other hand, 
requires further modelling to take into account the strong mutual coupling between 
phases. Moreira and Lipo [3.13] modelled mutual coupling between phases in a four 
phase machine with short pitched windings. This used a cubic spline model of the flux 
linkage/current/angle data to model phase self inductance, together with extra terms 
using fixed values for mutual inductance. The amount of coupling in these short pitched 
winding type machines is small in comparison, and this can justify the use of fixed 
values of mutual inductance. 
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In the fully pitched winding machine, however, the majority of torque is produced from 
variation of mutual inductance with position (see Chapter 2). This means that the mutual 
coupling must be modelled very accurately, including the full effects of saturation 
within these terms. This, then, implies a highly complex model, as flux linkage in a 
phase is a non-linear function of rotor position and the currents in all three phases. In 
the short pitched winding machine flux linkage is only dependent on the rotor position 
and the current within the phase itself. 
As discussed in Chapter 2, transformation matrices developed by Mecrow [3.14] enable 
this problem to be significantly simplified. This utilises the fact that at any instant in 
time a unique set of currents can be calculated in a set of fictitious short pitched phases 
that produce exactly the same flux with the magnetic circuit as the actual fully pitched 
phases. This has the effect of decoupling the magnetic sources and fluxes, so that each 
flux can then be solved independently from the others. 
Barrass [3.15] described a simulation model for the fully pitched winding machine, 
which utilised these transformation matrices as described here. Considerable 
simplification of the problem was, however, achieved by assuming perfect current 
control or voltage control and also ignoring resistive voltage drop in the flux integration 
equation. This eliminated the need to perform the time stepping calculations, including 
the PWM current control effects, because either the current (in the case of perfect 
current control) or the flux linkage (in the case of voltage control) could be 
predetermined over the entire electrical cycle. 
In contrast, the simulation described here calculates the changes in current and flux 
linkage on a step by step basis, including resistive voltage drop, and taking winding 
voltage information from a current control loop. This gives the simulation the ability to 
show realistic, rather than ideal waveforms, over the whole speed range. Results shown 
later in this chapter and in Chapters 5 and 6, for example, will show significant effects 
on current waveform due to mutual coupling between phases. 
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In addition to accurate modelling of the machine itself, it is important to be able to 
assess control strategies and power electronic ratings and topologies. This means that 
the simulation must also include the following components: 
" PWM current control (including emulation of both analogue and digital control 
systems). 
" Optimisation of on and off angles (advance and conduction angles), for example for 
automatic torque-speed curve generation. 
" Different number of phases. 
"A range of power converter topologies, including asymmetric half bridge, H bridge, 
star and delta connections. 
* Inverter device loss (switching and conduction loss). 
* DC link components e. g. DC link capacitor and inductor. 
All of the above should help to ensure simulation results that closely resemble real 
conditions and make relative assessments of cost sensitive components such as power 
electronic devices and controller requirements. Note that iron loss calculations are not 
included in the model. 
3.3 Simulation Method 
The simulation method is split into several distinct parts - 
a Current Controller - decides the voltage applied to each winding based on 
knowledge of current demand, actual current, type of inverter, rotor position, on/off 
angles and type of current controller. See Section 3.3.3 for more detail. 
Current Solver - determines for phase currents based on knowledge of phase 
voltages, position, machine characteristics, current and flux linkage values from the 
previous time step calculation. See Section 3.3.1. for more detail. 
* Torque Solver - the calculation of instantaneous electrical torque from knowledge 
of phase currents and position. See Section 3.3-2. for more detail. 
Performance Evaluation - Once the phase currents and instantaneous torque have 
been determined, values such as average torque, torque ripple, copper loss, inverter 
loss, and efficiency can be calculated. 
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A Runge Kutta time stepping method is used and so the first two parts (the Current 
Controller and the Current Solver) are executed during each step. The PWM frequency 
is used to automatically determine the length of the time step to be used, as this gives a 
good guide to the time constant of each winding. It was found that fifty time steps per 
PWM period give a good compromise between the accuracy and the speed of the result. 
Therefore, in the case of the motors being modelled here, one step constitutes 2[ts. The 
time stepping calculations continue for several machine electrical cycles until 
convergence occurs. Convergence here is defined as the difference between the currents 
during one electrical cycle and the currents from the previous electrical cycle being 
small enough. 
Once convergence has taken place the Torque Solver determines torque developed by 
each phase at each machine electrical degree. The Performance Evaluation can then be 
perfonned. 
3.3.1 Current Solver 
This is where the simulation differs, depending on whether a fully pitched or short 
pitched winding machine is being used. As will be explained, the routine to solve for 
currents in the fully pitched winding machine requires some additional sections. 
The Short Pitched Winding Machine 
The ability to simulate a conventional short pitched winding SRM depends heavily on 
how well it can model the strong variation of flux linkage in a phase winding. The two 
factors that influence this are rotor position, and saturation within the magnetic circuit. 
Mutual coupling effects between phases are usually ignored, as they are generally 
considered small. 
For this reason, a particular machine is characterised with flux linkage as a function of 
phase current and rotor position. A dynamic, or instantaneous, inductance can therefore 
be calculated at any instance in time and each phase can be considered separately. 
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Typical flux linkage/current/position data is shown in Figure 3.1. This data can be 
generated in three ways: 
" FE analysis, as used in the machine design of Chapter 4, together with knowledge of 
the machine geometry. 
" Measurements on an actual machine (as described in Appendix A). 
" Empirically as described by Miller [3.10,3.111. 
A Runge Kutta, time stepping routine is used to solve for current and this is based on the 
following equation: 
V= f(V - iR). dt (3.2) 
Equation 3.2 is therefore used to calculate the flux linkage in a phase by integrating the 
voltage applied by the inverter over time. Note that, as this equation shows, the flux 
linkage attained is reduced by a voltage drop due to the resistance of the phase. - 
1800-- 
1600-- 
1400-- 
1200-- 
looo -- 
800-- 
600 - 
400-- 
2001 
0 
irve 
0 
urve 
123456789 10 11 12 13 14 15 
Current (A) 
Figure 3.1 Typical flux linkage/current/position data 
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One time step is described as follows as is repeated for each of the phases: 
1. At the start of a time step the rotor position is known, as well as the phase currents 
from the previous time step. Position is calculated from the motor speed and the 
value of the fixed time step. The current from the last time step '(n_, ) and the 
latest 
value of position, On' are used to find a new value for the instantaneous inductance, 
Ln. As shown in Figure 3.1 this is achieved by using the flux linkage data to find a 
new value for V/ and using the following equation: 
L= 
(n-I) 
Quadratic interpolation is used in both the current and position axis, to calculate 
values of flux linkage between points. This new value of instantaneous inductance 
can then be used throughout the rest of the time step as a means of calculating a new 
value for current with each new value of flux linkage. 
2. A change in flux linkage can then be calculated using Equation 3.2, knowing the 
voltage that the inverter has applied to that phase and the current from the last time 
step (to calculate the resistive volt drop). The first estimate for one time step of the 
change in flux linkage is: 
AVI(Ist)(n) "ý (V(n) -'(n-I)R). ts 
3. The first estimate of the total flux linkage in the phase can then be determined using 
the total flux linkage from the previous time step. 
VI(Ist)(n) ` V10-1) +A VI(Ist)(n) 
4. The first estimate of the new phase current '(n)l is then: 
i(ist) 
(n) ý- 
VI(Ist) 
L(n) 
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The Runge Kutta method means that the above process of calculating a new value of 
current is carried out four times with the result fed back into the initial parameters to 
obtain a more accurate result i. e. i(Ist)(n) is fed back into Step 2 in place of '(n-J)' Step 
3 and 4 are then repeated to produce i(2nd)(n) and so on. 
5. The Runge Kutta equation to estimate the final value of flux linkage for the time step 
is calculated as follows: 
vf + 
[A 
Y(Ist)(n) + 2(A V(2nd)(n) +A VI(3rd)(n)) +A 
V(n) (n-1) 6 
6. Final values for current are given by: 
Vf (n) 
L(n) 
This completes a time step for one phase. Steps I to 6 are then repeated for the other 
phases. Treating each phase separately is allowable, as the assumption is made that there 
is no electromagnetic coupling between phases. 
The next time step starts again at the Current Controller (described in more detail later) 
where new phase voltages are determined. These new voltages are used in the next time 
step in the Current Solver stage to determine the change in flux linkage. Time steps 
continue through the Current Controller and Current Solver stages until several machine 
electrical cycles have been calculated and steady state conditions are reached. 
Note that the above method makes the approximation of keeping Ln constant 
throughout each Runge Kutta time step. This saves substantially on computation time 
with minimal error as long as the electrical angle of rotation per time step is kept small. 
All simulation results shown use a 2[ts time step. 
Note also that the use of the term inductance is only a way of expressing the ratio of flux 
linkage to current at a particular instance within a time step. It should not be confused 
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with simulation methods that solely use inductance values rather than flux 
linkage/cuffent/position data to solve for current. 
The Fully Pitched Winding Machine 
The short pitched winding machine model ignores the effects of mutual coupling 
between phases, as it is small. A fully pitched winding machine, however, derives the 
majority of its torque from variation of mutual coupling between phases. As described in 
Chapter 2 and earlier in this chapter, the mutual coupling effects can be modelled 
accurately by using transformation matrices. These are able to convert phase current and 
flux linkage into equivalent short pitched winding values, magnetically decoupling the 
phases, and allowing each phase to be solved independently, as with the method 
described for the short pitched winding machine. The transformation matrix for current 
is: 
+1 -1 -1 A 
-1 +1 -1 'B 
i 
C- 
(3.3) 
where i123 are equivalent short pitched (or "single tooth") winding currents and iABc are 
fully pitched winding currents. The equivalent equation for flux linkage is: 
+1 -1 -1 
(3.4) Vf B -1 +1 -1 Vf2 
-VIC- --l 
-1 +'--yf3- 
+1 -1 -1 
Let [C] = -1 +1 -1 (3.5) 
--1 -1 
+11 
0 
2 
The inverse of [C] is: [CI-I 0 2 (3.6) 
0 f-T 
The inverse of Equations 3.3 and 3.4 are then: 
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Ii "ý Ic -I[i 123] (3.7) ABC] " 
[V11231 
= lc]-I[VfABC] (3.8) 
Equations 3.7 and 3.8 are the ones used in the Current Solver routine for the fully 
pitched winding machine. This routine is identical to that of the short pitched winding 
machine with the following extra stages (here "real" is defined as the actual fully 
pitched winding parameters and "equivalent per tooth" is the set of fictitious short 
pitched winding parameters): 
" Real flux linkage is converted to equivalent single tooth flux linkage using Equation 
3.8. 
" Equivalent single tooth current is calculated as before from the flux linkage/current/ 
angle data (via the equivalent single tooth instantaneous inductance). 
" Equivalent single tooth current is converted back to real phase current using Equation 
3.7. 
The complete routine is as follows with each section repeated for each phase as 
appropriate: 
1. Calculate the instantaneous inductance of the equivalent single tooth windings using 
the equivalent single tooth currents from the previous time step and the present 
position (0,, ): 
= 
1(n-1) 
where V, (,, ) has been 
determined from the equivalent single tooth flux 
linkage/cuffent/position data using 'I(n-1) and on * 
2. Calculate the first estimate of the change in real flux linkage in each phase over the 
time step due to the phase voltages that are being applied: 
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-": (V i -I)R). 
t, AVIA('St)(n) ' A(n) - A(n 
3. Total real flux linkage is calculated: 
s "2 VA(n ý(A(l t)(n) "- 1) +A Vf A 
('st)(n) 
4. Calculate equivalent single tooth flux linkage: 
N'1(lSt)123(n) ý ICI-1N'1(lSt)ABC(n) 
5. The first estimate of the new equivalent single tooth phase current 'I ('st)(n) is then: 
il (ist) 
(n) -'2 
Vfl(Ist) 
Li(n) 
6. The first estimate of the new real phase currents are then: 
[i](Ist) 
ABC(n) 
7. Repeat from step 2 replacing with iA(Ist)(,, ) to obtain the four parts of the 
Runge Kutta equation i. e. VfA(lst)(n)'VfA (2nd)(n) ' VIA 
(3rd)(n) and Vf A 
(4th) 
8. The final estimate of real flux linkage uses the Runge Kutta equation: 
V'A(n) = VA(n-1) 
A ýf ('st)(n) + 2(A Vf A (2nd) (n) +AVIA (3rd) (n)) +A V' A (4th) 
6 
9. Use the equations in steps 4,5 and 6 to obtain the fmal values of the real currents 
'ABC(n)' 
This completes one time step of the Current Solver. As before, new winding voltages 
are determined from the Current Controller stage, and the whole cycle is then repeated 
over several electrical cycles until convergence occurs. 
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A potential problem, however, arises when a phase is switched off. Calculation of the 
equivalent single tooth flux linkage in Step 4 requires that all three real phase flux 
linkages be known. This is because in the fully pitched machine all three phases 
contribute to the flux in any given tooth. They all therefore contribute to the flux linkage 
in an equivalent single tooth winding. The flux linkage in the 'off' phase can only be 
calculated if the volts being applied to it are known. During the turn off process, with an 
asymmetric half bridge inverter, the two transistors controlling one particular phase 
would simply be turned off. With positive current still flowing the diodes would apply a 
negative voltage and bring the current down to zero. The calculation during this stage is 
therefore still straightforward. Once at zero, however, the voltage that is applied to the 
winding by the diodes is not known, and hence flux linkage cannot be calculated. It is 
therefore necessary in the simulation to control the current to zero simply by setting the 
current demand to zero during the off period. In this way the Current Controller knows 
the voltage being applied and therefore the problem is overcome. This, however, does 
assume that the Current Controller is good enough to maintain the current at zero. 
The above methods described for the short pitched and fully pitched winding machines 
are used with all inverter/machine configurations, except when the machine windings 
are connected in a star. This requires some additional code and is described in more 
detail in Section 3.3.3.3 "Star Connected Inverter". 
3.3.2 Torque Solver 
At any given rotor position and with any given phase currents the machine has a certain 
amount of co-energy stored within itself The machine flux linkage characteristics 
(shown in Figure 3.1) can be used to calculate this energy: 
i 
W'= fVI(Oi)di 
0 
(3.9) 
Any change in this co-energy will result in a corresponding electrical torque being 
applied. Therefore torque can also be derived: 
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ý= 
dW'(O, i) (3.10) 
e dO 
li=const 
Combining Equations 3.9 and 3.10 gives: 
I 
Tf v/(O, i)l, 
= t -di e dýo 
Therefore once the machine flux linkage/current/position characteristics have been 
entered (whether by calculation or measurement) a corresponding torque/ 
current/position characteristic can be determined. Typical characteristics are shown in 
Figure 3.2. 
Once the time stepping calculations have converged, the fmal phase currents are known 
over a complete electrical cycle. Therefore instantaneous torque can easily be 
determined at each rotor position (in this case torque is calculated at every electrical 
degree). Quadratic interpolation is used to calculate values of torque between data 
points. The torque characteristic derived from the flux linkage is for one phase of the 
machine. The torque in the other phases is calculated simply by offsetting the values by 
the appropriate number of pole pitches. The torques are then summed together to give a 
total machine torque at each position. Once the torque waveforms are known for each 
phase, average torque and torque ripple can be calculated. 
In the case of the fully pitched winding machine, the equivalent single tooth currents 
must be used for this calculation. This is because the flux linkage data is based on the 
use of these equivalent single tooth currents. Therefore in the calculation of torque at 
each position the 'real' currents are first converted into the equivalent single tooth 
currents. 
The torque/cuffent/position data is then interrogated to calculate the torque due to each 
equivalent single tooth phase, or, in other words, the torque due to each pole of the 
machine. The torques from each of the equivalent short pitched phases are then summed 
together to give the total torque at each position for the fully pitched winding machine. 
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Note: The torque due to each fully pitched phase cannot be calculated and is irrelevant. 
This is because torque in these 'real' phases is derived from the interaction, or mutual 
coupling, between two or more phases. Torque can only be calculated once parameters 
have been converted into the equivalent single tooth values so that each phase can be 
considered separately. 
45 
40 
35 
30 
25 
20 
15 
10 
5 
IZS 0 
-5 
-10 
-15 
-20 
-25 
-30 
-35 
-40 
-45 
nt 
0 
eg) 
Figure 3.2 Torque against rotor position shown over one electrical cycle for various values of 
phase cuffent. 
3.3.3 Current Controller and Inverter Configurations 
The Current Controller part of the simulation takes knowledge of the desired current, 
rotor position, desired on/off angles and outputs the voltages that should be applied to 
the windings for use in the Current Solver. Different controllers are used with different 
types of inverter. This is to take into account any restrictions on the available phase 
voltage and phase currents e. g. the star connected inverter where the sum of the phase 
currents must be zero. 
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3.3.3.1 Analogue and Digital Current Controllers 
PWM current control is used with values such as PWM frequency and the PID gains as 
control variables. Both digital and analogue controllers can be simulated. 
The digital controller is based as closely as possible on the DSP controller developed for 
the test rig. This is described in detail in the "Controller" section of Appendix C. The 
simulation is able to control the timing of two critical events within each PWM period 
i. e. the timing of current sampling and timing of the voltage reference output from the 
PID controller. The timings are important to the stability of a digital control system as 
they introduce lag. Section 6.6 of Chapter 6 will use the simulation to assess differences 
in control requirements in terms of bandwidth and PID gains between the short pitched 
and fully pitched winding machines. 
With the analogue current controller the voltage reference is adjusted on a continual 
basis. In a real circuit only the slew rates and small propagation delays in the hardware 
would detract from this ideal, as well as any drift problems that would be encountered. 
In the simulation, the analogue controller is assumed to be ideal, but of course the output 
is only updated at the end of each time step period. This time step can be set 
independently, but throughout all simulations its value was set to be 1/50'h of the PWM 
period i. e. 2ps. The simulation of the analogue controller, therefore, should be very 
close to ideal. 
3.3.3.2 Asymmetric Half Bridge and Full 'H' Bridge Inverter 
As explained in Chapter 2 there are several inverter configurations that can be used in 
conjunction with a fully pitched winding SRM. The 'H' bridge, shown in Figure 3.3, 
can supply both unipolar and bipolar currents. Here the PID controller supplies +V,,, f to 
control leg 1 and -Vef to control leg 2 of the bridge (where V"f is the voltage reference 
value defming the required voltage duty cycle to be applied to the winding). 
Figure 3.4 shows an example of the PWM control showing the triangular wave, voltage 
references, gate signals and subsequent phase voltage. Complimentary switching results 
in the conduction and switching losses being shared equally between each transistor. A 
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ftirther benefit is that the switching frequency of the voltage actually applied to the 
winding is twice that of the switching frequency of each transistor. 
The same PWM controller and inverter can be used when both unipolar and bipolar 
currents are required. This is because with unipolar currents only half of the devices in 
the 'H' bridge would conduct, as shown in Figure 3.5. These are the same devices as in 
an asymmetric half bridge and so the controller can be used in either case. 
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Figure 3.3 An 'H' bridge inverter connected to one phase of the machine. 
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Figure 3.4 PWM control of the 'H' bridge inverter. +Vref and -Vref are the voltage control 
signals supplied from the PID controller, TI, T2, T3, T4 are the transistor gate signals, VA is the 
voltage subsequently imposed on winding. 
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Figure 3.5 Devices conducting with unipolar currents in the 'H' bridge configuration shown in 
black, those not conducting shown in grey. 
3.3.3.3 Star Connected Inverter 
The star connected inverter is a special case. The star point forces the sum of the phase 
currents to be zero, and because the star point is not directly controlled by the Current 
Controller, its voltage is not known (Figure 3.6 shows the star connected motor drive). 
The Current Solver requires the voltage across each winding to be known to calculate its 
change in flux linkage, and therefore the star voltage needs to be determined for the 
simulation to work. 
The method used to solve for the star point voltage is an iterative one. Most of the steps 
are the same as before, with the addition of the extra steps to calculate the star voltage. 
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The time step is entered assuming the star voltage has not changed from the last time 
step. It is used to calculate the voltage imposed across each winding. The new currents 
can then be calculated as before. The sum of these new currents should be zero, but 
almost inevitably this will not be the case, and an error current is produced. The star 
voltage is then adjusted in the appropriate direction by an estimated amount and the 
whole time step restarted until the sum of the currents is zero (or within a nominal 
error). Note that the accuracy of the estimated correction voltage does not affect the 
accuracy of the final solution - it only affects the speed at which convergence is 
achieved. Figure 3.7 shows a top level flow diagram of a time step in the Current Solver 
routine. A detailed list of the equations used at each stage follows this, with the extra 
steps required over the previous routine being shown in Italics. 
Ow 
Calculation of phase currents 
using Runge Kutta integration 4 method and transformation 
matrices (steps I to 10) 
Sum phase currents to calculate 
star point current error (step 11) 
Current error 
within 
convergence 
limit? 
(stepl2) 
Yes 
No Estimate new value 
of star point voltage 
to reduce current 
error (steps 13 to 18) 
End of time step. Go to C nt 
Controller to calculate ne: 
rleine 
voltages and start next time step. 
Figure 3.7 Flow chart for Current Solver stage with motor connected in a star connection. 
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1. Calculate the instantaneous inductance of the equivalent single tooth windings using 
the equivalent single tooth currents from the previous time step and the present 
position (On): 
'1(n) 
11(n-1) 
where y/, (,, ) 
has been determined from the equivalent single tooth flux linkage/ 
cuffent/position data using il(n-1) and On. 
2. Calculate the voltage imposed across each winding for the time step knowing the 
line voltage supplied from the inverter and the last calculation of the star point 
voltage: 
V =V -v A(n) line_A(n) star(n-1) 
3. Calculate fwst estimate of the change in real flux linkage in each phase over the time 
step due to the phase voltages that are being applied: 
vi 
I)R). t., A 
('St)(n) =( A(n) - A(n- 
4. Total real flux linkage is calculated: 
VfPst)(n) ' fA(n-l)+6ýVfA(l'5t)(n) -": V 
5. Calculate equivalent single tooth flux linkage: 
[Vf]123('3t)(n) = 
ICI-I1VIABC(l't)(n) 
6. The first estimate of the new single tooth phase current 'I ('st)(n) is then: 
il (Ist) 
(n) = 
VI(Ist) 
L 
l(n) 
7. The first estimate of the new real phase current 'A ("3t)(n) is then: 
HABC (IS')(n) ý ICI-I ['1123 (ISt)(n) 
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8. Repeat from step 3 replacing i A(n-1) with 'A(lst)(n) and so on, to obtain the four 
parts of the Runge Kutta equation i. e. Vl_, (Ist) (n) ' V,, 
(2nd) 
(n) ' V1,4(3rd)(n) and 
ý(A (4th)(n) * 
9. The resulting estimate of real flux linkage uses the Runge Kutta. equation: 
[A Vf A 
(18t)(n) + 2(A ýf A 
(2nd) 
(n) +6L Vf A 
(3rd) 
(n) 
)+A Vf A 
(4th) 
(n 
Vf A(n) Yf A(n-1) 6 
10. Use the equations in steps 5,6 and 7 to obtain the final values of the real currents 
i 
ABC(n) * 
11. Sum the three phases currents together to produce the error current: 
i 
error(n) 
I A(n) 
+i B(n) +i C(n) 
12. Check whether error is within the convergence band. 
- convergence limit < 'error(n) < convergence limit 
where convergence limit is set to be 0.01 % of the peak current demand If the error is 
above the specified convergence limit then the star point needs to be adjusted so as to 
reduce the error. Stages 13 to 17 are used to calculate the magnitude and direction of 
the adjustment to the star point voltage. This process involves reversing the usual 
direction of the transformation matrices. The aim is to estimate the change in phase 
voltage necessary (and hence star point voltage) to achieve a given change in phase 
current that will consequently enable all three phase currents to sum to zero. 
13. Adjust the currents to reduce the error (thefactor of 10 used here is a nominal value 
that wasfound to givejast convergence results): 
i 
error(n) 
A(n) A(n) 10 
14. Calculate the new equivalent single tooth currents: 
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['1123(n) ý 
ICIPIABC(n) 
15. Calculate new single toothflux linkages: 
Yf I(n) = I(n) 
i 
I(n) 
16. Calculate new realflux linkages: 
NfIABC(n) = ICIIV']123(n) 
17. Estimate a new adjusted star voltagefor each phase by combining the equations in 
steps 2 and 3 and rearranging. 
v= (V -1 R)- 
(VA(n) - V'A(n-1)) 
star_, 4(n) line_A(n) . 4(n) 
18. Thefinal estimate of the next star point voltage to tty is then the average of the 
voltages calculatedfor each of the phases. 
(V +V +V v star_A(n) star_B(n) star - C(n) 
star(n) 3 
19. Repeatfrom step 2 through to 18 until the error current in Step 12 is within the 
convergence limit. 
Typically several iterations are required to solve for the star point voltage each time 
step, resulting in an entire simulation taking approximately two or three times as long. 
Current control for the star connected inverter 
PWM control is used here as with the asymmetric half bridge inverter. However, the 
control for each of the phases now only controls one of the inverter legs. The PID 
control supplies a reference voltage (Vref) which is then compared to the triangular wave 
(V,, j). The top transistor is switched on if Vref is greater than Vtfi- If not, the bottom 
transistor is switched on. 
45 
Chapter 3- SIMULATION 
3.3.3.4 Delta Connected Inverter 
The delta connected inverter (Figure 3.8) presents no problem to the simulation as 
unlike the star connected inverter the controller directly controls the voltage across each 
winding. Therefore that voltage is always known and so the currents and flux linkages 
can be solved as with the asymmetric half bridge circuit. The only difficulty comes with 
the methodology used in the Current Controller itself. The voltage applied to one phase 
directly affects the voltage available to be supplied to the other two phases, so direct 
control of the current in individual phases is not possible. 
3.4 Performance Evaluation 
Once the Current Solver and the Torque Solver have completed their calculations, the 
Performance Evaluation can take place. The Torque Solver calculates instantaneous 
torque for each phase of the machine at intervals of one electrical degree. Total electric 
machine torque, average torque and torque ripple are easily determined from this. 
Torque ripple is defined here in the following way: 
T, -T. T1.1ppk max 
T. 
nun % (3.12) 
where T ,,, 
is average torque, Tmý, and Tma,, are the minimum and maximum instantaneous 
total torques in the machine. Machine winding loss (copper loss) is calculated using the 
following equation: 
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0=360 2 
1 3(I,, R) 
0=0 360 
3.4.1 Torque-Speed Characteristic Generation 
Generation of the torque-speed curve is achieved by performing the above calculations 
above over a range of speeds, with a fixed current demand and DC link voltage. 
However, as with any SR motor, the desired 'on' and 'off angles need to be changed 
with speed to ensure maximum torque is achieved at each point. For the torque-speed 
curve to be generated automatically a reliable method of optimising these on/off angles 
was found. The method used for doing this is explained as follows: 
3.4.1.1 Optimisation of 'On' and 'Off' Angles 
The aim of the optimisation is to maximise average torque at each speed, with the 
constraint of a fixed current demand and a fixed DC link voltage. The method to achieve 
this is an iterative one, as opposed to any form of calculated method. This is very 
appropriate in this case as the fully pitched winding machine has not been simulated in 
this detail before, and so a 'dumb' search method is the simplest way of reliably arriving 
at the correct values. 
The simulation initially asks for the range of speeds the torque-speed curve is to be 
generated over. An estimation of the on and off angles at the first speed is then entered 
(a bad estimation of the correct values simply leads to a longer search time). A 
maximum and minimum search step is also entered. 
The simulation then starts by calculating the average torque at the estimated on and off 
angles, and at the on and off angles +/- the maximum search step. An example is shown 
in Figure 3.9 with the initial estimate of on angle being 200', off angle 320' and the 
search step 10 0. Note that on and off angles are defmed with reference to the aligned 
position as can be seen in Figure 3.2. 
Initially the torque at positions T1 to T9 is calculated. In this example suppose T3 is 
found to have the highest torque of the nine values. The search then moves off in the 
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direction of T3. Another nine values of torque then need to be calculated centred around 
the latest maximum value. Only T 10 to T 14 have to be calculated as T2, T3, T5 and T6 
have already been determined. This carries on until the maximum torque is found in the 
centre of the nine latest values. In this example TI I is found to have the highest torque 
out of T2, T3, T13, TIO, TI 1, T12, T15, T16 and T17. 
The search step can then be reduced to obtain a more accurate result. Therefore eight 
more values are calculated around T 11, now with a step size of 5'. The search continues 
until the highest torque found is again in the centre of the nine values calculated. The 
search step is then reduced again until the desired accuracy is achieved. 
The size of the initial search step and the rate at which the search step reduces are a 
compromise between total processing time and the need not to miss the optimum turn 
'on' and turn 'off' angles. It was found that the variation of torque with these angles was 
a smooth one and therefore the search was not very susceptible to local maximums. 
This, combined with the fact that the initial estimate was usually quite accurate meant 
that the initial search step could be relatively large. A step of 10 0 was generally used, 
with this step halving in size when the point of highest torque was found in the centre of 
the nine values. A minimum search step of 2' was used. 
Turn Off Angle 
Turn On 
Angle 
270 280 290 300 310 320 330 340 350 360 
150 
160 
170 T15 T16 T17 
180 TIO Tll T12 
190 TI T2 T3 T13 
. 
200 T4 T5 T6 T14 
210 T7 T8 T9 
220 
230 
240 
Figure 3.9 Search method used to optimise 'on' and 'off' angles 
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This optimisation is performed at each speed to be calculated in the generation of the 
torque-speed curve. The final on and off angles from the previous speed are used as the 
starting point for the search on the next speed. 
This method produced very reliable results within a reasonable time frame. At no point 
was it found that with all the different drives and their different excitation patterns that 
the search had not optimised the on and off angles correctly. This was checked by giving 
the search routine a variety of different initial on and off angles and ensuring that the 
same result is achieved in each case. Processing time of course depends on the number 
of speed points to be calculated, but total time needed would be in the order of one hour 
on a Sun workstation. 
3.4.2 Inverter Loss Calculation 
The aim of the inverter loss calculation was to be able to perform comparative studies 
between different drives and assess their impact on power electronic rating in terms of 
device loss, as well as device peak current. 
The characteristics of several different diodes and switching devices are available to be 
selected from the menu system. Additionally new device characteristics can be entered 
manually. Devices are characterised in a reasonably simple way as it is the comparative 
performance of the drive rather than the comparative performance of individual devices 
that are being assessed. 
Conduction loss of a diode, IGBT or MOSFET is based on a y=mx+c model. Therefore 
in the case of an IGBT three parameters are entered as shown in Figure 3.10. Vce(on) at 
zero current and Vce(on) at a current 11. This is a first order approximation to the real 
curve, a typical example of which is also shown in Figure 3.10. 
A choice of the method to calculate switching loss of an IGBT or MOSFET is offered. 
One way is to enter the energy per switch at turn on (Eon) and the energy per switch at 
turn off (Eoff). The device current and volts that this energy is based on is also entered. 
Eon and Eoff are then scaled proportionally in the simulation to suit the actual currents 
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and voltages being used. This method is particularly suitable for IGBTs as the energy 
per switch is directly quoted in the data sheet and includes 'tail' losses as well additional 
losses due to the recovery of the freewheel diode. 
Tr. 
(VIJI) 
Figure 3.10 IGBT conduction loss characterisation 
(V2, I2) 
V(ce)on 
The second method is to enter rise and fall times for the device with the energy per 
switch then being calculated using: 
E= 1 vit 
2 
The latter method is more suitable to MOSFETs, where only rise and fall times are 
quoted in the data sheet. This model, however, is much more simplistic as no account is 
taken of variation in rise/fall time with current or losses due to diode reverse recovery. 
Inverter loss calculations shown throughout this thesis are based on the more accurate 
energy per switch method, and use 600V rated IGBTs and ultrafast diodes. 
If inverter loss calculations are to be performed then to reduce computation time the 
calculation is only performed once the simulation has fully converged. One more 
electrical cycle is completed, this time also calculating inverter loss as well. At the end 
of each time step the inverter loss routine checks to see how much current a device has 
conducted and whether the device has changed switching state or not. The energy loss in 
the device is then determined using the appropriate characteristics. The energy losses are 
summed together over the electrical cycle so that average conduction loss and switching 
loss per device can be displayed. Note that, for simplicity, power electronic voltage 
drops are not included in the determination of phase flux linkage. 
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3.5 Example Waveforms 
In addition to the calculated parameters such as torque, copper loss, and inverter loss, 
the following waveforms can be plotted over an electrical cycle: 
Phase current 
Phase flux linkage 
Phase voltage 
Flux linkage/current locus 
" Phase torque (equivalent single tooth phase for the ffilly pitched machine) 
" Total torque 
" Inverter current (DC link capacitor to motor) 
" DC link current (Rectifier to DC link capacitor) 
" DC link voltage 
" PWM triangle and voltage reference signals 
The fully pitched winding machine has the following in addition: 
" Equivalent single tooth phase current 
" Equivalent single tooth phase flux linkage 
" Equivalent single tooth flux linkage/current locus 
Machines with a star connected inverter also have: 
Star point voltage 
Line voltage 
All of the above are plotted at intervals of one electrical degree over one electrical cycle. 
The following waveforms have a high resolution facility to monitor outputs after each 
time step: 
Phase current 
PWM triangle and voltage reference signals 
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Figures 3.11 to 3.15 show examples of simulated waveforms of both the fully pitched 
and short pitched winding machines. The waveforms are summarised as follows: 
Figure 3.11,120' excitation of the short pitched winding machine at low speed. 
Phase current 0123). flux linkage CFI) and single phase and total torque (T) are 
shown. 
Figure 3.12,2400 unipolar excitation of the fully pitched winding machine. Phase 
Current QABC), flux linkage (TA), equivalent single tooth current (It), equivalent 
single tooth flux linkage (TI) are shown together with torque. Figure 3.13 shows a 
plot of the WA/iA locus. Figure 3.14 shows a plot of the equivalent single tooth xVIA, 
locus. 
Figure 3.15, sinusoidal excitation of star connected fully pitched winding machine. 
Phase current (IA),, flux linkage (TA), line voltage (VLI), phase voltage (VA), star 
point voltage (Vs) and equivalent single tooth current (11) are shown together with 
torque. 
Explanations of the shapes of these waveforms will be given in Chapters 5 and 6. 
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Figure 3.11 Simulated waveforms at low speed for the short pitched winding machine 
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Figure 3.12 Simulation of unipolar operation of the fully pitched winding machine at low speed 
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Figure 3.13 Simulated y/i locus of the fully pitched winding machine with unipolar operation 
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Figure 3.14 Simulated W/i locus of the equivalent single tooth parameters with unipolar 
operation 
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Figure 3.15 Simulation of star connected operation at base speed. 
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3.6 Summary 
Previous simulation methods have been reviewed, and these have been compared to the 
simulation developed here with the aim ofjustifying the techniques used. 
The primary objective was to have the ability to perform accurate simulations of both 
the fully pitched and short pitched winding machines, taking into account both magnetic 
saturation and mutual coupling effects. The latter is so strong in the fully pitched 
winding machine that saturation within the mutual coupling needed to be part of the 
model. This is something that is usually neglected in short pitched winding simulations 
as mutual inductance is normally very low in comparison to self inductance. 
The Current Solver core model, which was developed from an existing brushless DC 
simulation, is based substantially around that first described by Stephenson and Corda 
[3.8]. The machine is characterised in terms of flux linkage against current and rotor 
position. Flux linkage is determined using a time stepping integration technique, further 
improved with a 4th order Runge Kutta equation. Current is determined by quadratic 
interpolation of the flux linkage/current/position data. Whilst relatively computationally 
intensive in comparison to other techniques, this ensures accurate results. 
This core model is extended to be able to cope with fully pitched windings with the use 
of transformations matrices developed by Mecrow [3.14]. Current and flux linkage are 
converted into their equivalent single tooth values, enabling decoupling of the phases to 
take place. Current is then determined from flux linkage in exactly the same way as with 
the short pitched winding machine i. e. using the flux linkage/current/position data. 
Built around the Current Solver core model are the Current Controller, Torque Solver 
and Performance Evaluation. The Current Controller is able to model the full effects of 
both analogue and digital PWM control schemes, ensuring realistic PID gains are used, 
and enabling comparisons of the required controller bandwidth between machines. The 
Current Controller can be used with a variety of power electronic topologies, including 
star connection. The latter requires an additional stage in the model to determine the star 
connection voltage. 
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The Performance Evaluation calculates averaged paraimeters such as torque, copper loss, 
and inverter loss. Plots of all the relevant waveforms are available. Also included is a 
search routine that is able to automatically determine the best on and off angles over a 
speed range to maximise torque output for a given cur-rent demand. 
Example waveforms have been shown for both types of machine, and these will be 
explained in more detail in Chapters 5 and 6. Chapter 5 will show direct comparisons 
with test rig results. 
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Chapter 4- MACHINE DESIGN 
4.1 Introduction 
Chapter 2 has described the various basic ways it its possible to excite the three phase 
fully pitched winding machine. Unlike the short pitched winding machine, both unipolar 
and bipolar excitation patterns are possible. This brings about the following reasons as 
to why the fundamental geometry of the laminations should be re-examined with a view 
to optimising performance further: 
1) An excitation method that produces flux in a different way to that of the short pitched 
machine results in different amounts of saturation in various parts of the magnetic 
circuit. Therefore the thickness of the core back or the poles, for example, may need 
some adjustment. 
2) Unipolar excitation of the fully pitched winding machine results in very similar flux 
patterns to the short pitched winding machine, and so the machine geometry is likely 
to be fairly similar. Some optimisation, however, may be possible to overcome some 
of the disadvantages of a fully pitched winding e. g. the total amount of copper 
required. 
3) Machine design is a balance between the magnetic and electric design. The fully 
pitched winding machine has improved winding efficiency. It should therefore be 
appropriate to shift the balance of the design towards improving the magnetic design, 
at the expense of the electric design. In other words, achieve point 2) by reducing the 
amount of copper, hopefully without compromising torque for a given stack size. 
The fully pitched winding machine need not necessarily have three phases - many other 
geometry configurations with different numbers of phases are possible. Therefore the 
first section in this chapter will review some of the more promising configurations with 
a different number of phases, examining the potential reduction in copper loss as well as 
the power electronic requirement. 
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After the number of phases has been selected for the prototype machine design, the 
effect that pole number and machine aspect ratio have on efficiency will be shown. This 
is then followed by the detailed design of the other critical parameters such as split ratio 
(ratio of rotor to stator diameter), tooth width etc. 
The chosen parameter to be optimised is torque per unit copper loss with the aim of 
maximising the torque output from the given frame size. Other very important 
performance criteria, however, are also taken into account, including the torque-speed 
curve achievable and the power electronic rating. Practical issues such as level of 
acoustic noise need to be taken into account. This can be reduced, for instance, by 
increasing the core back thickness to stiffen the mechanical construction. This has the 
effect of compromising the electromagnetic design to some extent and therefore should 
be incorporated into this design so that comparisons can be made with other machines 
on a like-for-like basis. 
Designs were evaluated with the aid of 2D finite element software (which had already 
been developed within the Department) to generate the flux linkage characteristics. This 
data was then input to the simulation (which was described in Chapter 3) to perform the 
dynamic analysis of the drive including the power electronics and control. Once the 
design had been finalised it was constructed for experimental analysis. The results of 
this experimental work are presented in Chapters 5 and 6. 
4.2 Basic Machine Geometries 
4.2.1 Number of Phases 
Switched reluctance machines in general can be designed with a wide variety of 
geometries and number of phases. The following section examines the effect the 
number of phases has on the basic operation and performance of a fully pitched winding 
SR machine. 
4.2.1.1 Single Phase Machines 
The lowest number of phases a switched reluctance motor can have is one. In its 
simplest form this would consist of 2 stator teeth and two rotor teeth. It is characterised 
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by large periods of zero torque output, which makes starting difficult and results in very 
high torque ripple. Horst [4.1] described the use of a parking magnet to overcome this 
starting problem. 
A single phase winding machine is already fully pitched, and therefore no other 
fundamentally different winding configurations are possible. It is interesting to note that 
although the winding is fully pitched, torque is still produced purely by variation in self 
inductance with position. Its operation is therefore fundamentally different from fully 
pitched winding machines with two or more phases where a large component of the 
torque is produced by variation of mutual inductance with position. 
4.2.1.2 Two Phase Machines 
Lower torque ripple is produced with a two phase machine, as the period of zero torque 
output is reduced to positions where the rotor is completely aligned to the stator. 
Starting, however, can still be difficult and many schemes have been suggested to 
overcome this problem. For example, a stepped air gap has the effect of producing a 
variation in inductance with one phase, even when the rotor is fully aligned with the 
other phase, and is hence able to produce torque (see El-Khazendar et al [4.2]). Even 
with this scheme, however, starting torque is still low and is in a fixed direction (at least 
initially). 
A two phase fully pitched winding machine is possible, and is shown in Figure 4.1. In 
this machine it is necessary to have bipolar currents in at least one of the phases to 
produce a rotating magnetic field on the stator. For example, to produce an MMF down 
stator teeth T in Figure 4.1, both phases A and B should be conducting with a positive 
current. The only way to produce an MMF down stator teeth '2', however, is to excite 
one of the phases with a negative current. Figure 4.1 shows this excitation pattern with 
phase B being bipolar and phase A permanently on with a unipolar current. The current 
'I I' is the equivalent current in a winding that is short pitched around stator teeth T with 
the same total number of turns as the fully pitched windings (i. e. the equivalent single 
tooth current). Note that the magnitude of this current needs to be twice that of the fully 
pitched winding currents to produce the same MMF. This is because only one phase is 
contributing to the MMF, as opposed to two in the fully pitched winding machine, and 
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therefore twice the current is needed for the same number of ampere-turns. The 
transformation matrix to convert between currents in a2 phase fully pitched winding 
machine and a2 phase short pitched winding machine is as follows: 
II, I 
ý--- 
11 '111, 
A1 
12 1- IB 
This two phase ftilly pitched winding machine should therefore show a significant 
improvement as all the copper in the machine is being utilised at the same time to 
produce torque - with the short Pitched winding machine only one phase can contribute 
to torque production at any one time. If endwinding effects are ignored for simplicity, 
the reduction in copper loss for the same tooth MMF can be estimated as follows: 
= 
2*1 Ff 
2 *R FP (4.2) 
Loss 12 *R SP SP SP 
where Isp = 21 FP and assuming Rsp = RFP, then: 
= 05 Losssp 
This will be an underestimate as the fully pitched end windings will clearly be longer 
than the short pitched ones. The stack aspect ratio will determine the relative effect 
endwinding length has on phase resistance, but in most cases there would be a 
substantial saving in copper loss for the same torque output. 
'A 
A+ IB3 - 
113 
on 4-2 
B+ ý----j A- // 11 
I 
Figure 4.1 Two phase, 4/2, fully pitched winding machine with proposed excitation pattern. 
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One drawback is that bipolar currents are needed in one of the phases and so the power 
electronics needed to control the current may become more complex. On the other hand 
the continuous DC current in Phase A simplifies matters. It may be possible to use a 
topology where the windings are in effect in series with each other and the power 
electronic switches alternate the current through phase B e. g. the topology in Figure 4.2. 
In this circuit TI, T2, T3 and T4 would be used to control the direction of current in 
phase B. The diode across Phase A would be required to allow the energy from phase B 
to flow back into the DC link capacitor during commutation. Additionally it is thought 
that the mutual coupling between phases will induce positive going current spikes 
during commutation in Phase A, and therefore the diode would allow this current to 
freewheel. This circuit should be very efficient in that only two active devices conduct at 
any one time, keeping inverter losses to the minimum. Also during commutation the full 
DC link voltage would be applied across Phase B, resulting in good high speed 
performance. The combination of these facts will reduce inverter VA rating and hence 
cost should be minimised. 
Figure 4.2 Proposed topology for two phase fully pitched machine. 
Other topologies have been developed for the two phase fully pitched winding SR motor 
by Pollock [4.3]. This involves bifilar winding the bipolar excited phase, so that only 
low side power electronic switches are required. This should lower cost, particularly as 
high side gate drive circuits are no longer required. Also, with the addition of an extra 
"commutation" capacitor, thyristors can be used. One disadvantage, however, is that 
there is up to a 50% reduction in copper utilisation of the bipolar phase. 
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4.2.1.3 Three Phase Machines 
This is one of the most popular choices as it is the minimum number of phases to 
produce full starting torque in either direction. No zero torque producing zones are 
present and torque ripple is much reduced compared to the two phase machine. 
The fully pitched winding equivalent machine is shown in Figure 4.3. As discussed in 
Chapter 2 both unipolar and bipolar currents are possible. The excitation pattern shown 
here is for unipolar currents with a 2400 conduction angle i. e. two phases conducting at 
any one time. Figure 4.3 shows the equivalent single tooth current'll' that is needed to 
flow in a short pitched winding around stator teeth 'I', with the same number of turns 
per phase as the fully pitched windings. Note that the magnitude of this current needs to 
be twice that of the fully pitched winding currents to produce the same MMF. 
The reduction in copper loss with unipolar currents can be estimated using the same 
equation as for the two phase machine (Equation 4.2). Therefore if endwinding length is 
ignored for simplicity, copper loss would be reduced by 50% for the same torque output. 
'A 
113 
IC 
11 
180 360 540 720 
Electrical Angle (Dcg) 
Figure 4.3 Three phase, 6/4, fully pitched winding machine shown with unipolar excitation. 
4.2.1.4 Four Phase Machines 
The four phase machine with short Pitched windings offers the advantage of even lower 
torque ripple than the three phase machine. This is because two phases can be excited at 
one time to produce a MMF down two pairs of stator teeth. It is more difficult for the 
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fully pitched winding machine to produce the same effect, due to the number of phases 
in the machine being even. Figure 4.4(b) shows an attempt at unipolar excitation, 
however, as can be seen, it becomes necessary to reverse the direction of current in one 
of the phases at the end of one electrical cycle to maintain the sequence in which the 
stator teeth are excited. Furthermore with this excitation pattern only one stator tooth is 
magnetised at a time and therefore torque ripple will be relatively poor. 
The currents shown in Figure 4.4(c) enable two stator teeth to be excited at a time, 
however, there is a major disadvantage in that two of the phases have bipolar currents, 
which may lead to an expensive power converter. 
12 
10 0,1 
IA 
IB 
Ic 
'D 
11 
Fig. 4.4(a) Winding configumtion 
'A 
IB 
ic 
ID 
11 
12 
13 
14 
ISO 360 540 720 
Electrical Angle (Deg) 
Fig. 4.4(b) Single toodi excitation 
,A 
1B 
Ic 
'D 
it 
0 180 360 540 720 Electrical Angle (Deg) Electrical Angle (Deg) 
Fig. 4.4(c) Double tooth excitation Fig. 4.4(d) Multiple tooth excitation 
Figure 4.4. Four phase, 8/6, fully pitched winding machine, with proposed excitation patterns. 
IABc = fully pitched winding currents, 1123 = equivalent single tooth currents. 
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Using bipolar currents in all four phases is perhaps the best solution in that three out of 
the four phases are contributing to torque production at the same time (Figure 4.4(d)). 
This can be seen in the equivalent single tooth current, fi, which has a current three 
times that of the fully pitched winding currents for half of the electrical cycle, thereby 
maximising torque output during the positive torque producing region. Some negative 
torque will also be produced from the much lower current during the rest of the cycle. 
An estimate of the winding losses with this excitation pattern in the fully pitched 
winding machine can be made compared to the short pitched winding machine with two 
phases excited producing approximately the same torque output. 
=3*I 
Fp 
2 RFP 
(4.3) 
Losssp 2* 12 R SP SP 
where Isp = 31 FP and assuming Rsp = 
RFP (i. e. ignore endwinding length), then: 
= 0.166 Losssp 
This figure underestimates the copper loss in the fully pitched winding machine as 
endwinding length is not been taken into account, as well as the periods of small 
negative torque production. It clearly indicates, however, that a significant advantage 
can be gained in terms of efficiency. There is, of course, an impact on the power 
electronics - twice the number of switches are needed, although each of these switches is 
rated for significantly less current. It may be possible to use a topology where some of 
the switches are shared between phases e. g. three half bridges connected to two of the 
phases. 
4.2.1.5 Five Phase Machines 
The five phase short pitched winding machine offers the advantage of inherently low 
torque ripple, as with the 4 phase machine, when two adjacent phases are excited at the 
same time. A further advantage can be gained with the use of use of 'short flux loops' as 
described by Michaelides, Pollock [4.4] that can only be realised in machines with an 
odd number of phases. If two adjacent teeth are excited with opposite magnetic polarity 
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then the magnetic flux has only to travel between the two teeth rather than around the 
whole machine via the core back. This decreases the MMF required for a given torque 
output, thereby increasing efficiency. 
There are many excitation patterns possible with a fully pitched winding version of the 
five phase machine. Three of these are shown in Figure 4.5. The first two show unipolar 
excitation, which is possible in this machine as it has an odd number of phases. Figure 
4.5(b) shows unipolar excitation of two fully pitched windings to excite three stator 
teeth at the same time. This produces the equivalent single tooth winding current (11) 
shown in the same figure, and reveals that excitation of a stator tooth occurs for 3/5 of 
the electrical cycle with twice the magnitude of the fully pitched winding currents. 
Unfortunately, however, the direction of this equivalent single tooth current must 
reverse half way through its conduction period, which may well cause problems at high 
speed. As the equivalent single tooth excitation period is 3/5 of the electrical cycle some 
negative torque production is inevitable. There will, however, still be a significant 
reduction in copper loss for a given torque output. This can be estimated, as follows, if 
this situation is compared with a short pitched winding machine excited for 2/5 of its 
electrical cycle. 
= 
2*1 Ff 
2R 
Ff (4.4) 
Loss 2 *J2 R SP SP SP 
where Isp = 21 FP and assuming Rsp = 
RFP (i. e. ignore endwinding length), then: 
= 0.25 Losssp 
The second unipolar excitation pattern shown in Figure 4.5(c) is interesting in that it 
produces the short flux loops that are possible in the short pitched winding machine. For 
example with phases A, B and C conducting, flux will circulate around stator teeth 4 and 
5. Twice the current, however, is needed in the phase between the two excited teeth to 
do this, and therefore there is only a small benefit in terms of copper loss over the short 
pitched winding machine. The major problem with a five phase machine, though, is the 
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number of power electronic switches that are required to drive even unipolar currents 
into each phase. 
The pattern shown in Figure 4.5(d) is one of the possible bipolar versions. The major 
advantage is that the equivalent single tooth winding current is four times that of the 
actual fully pitched winding current. This occurs for 2/5 of the electrical cycle, which is 
a good proportion of the positive torque region. There is some magnetisation during the 
negative torque producing region, but its magnitude will be small. 
4 
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Fig. 4.5(a) Winding configuration 
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Fig 4.5(b) Triple tooth excitation 
'A 
1B 
c 
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lE 
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Electrical Angle (Deg) Electrical Angle (Deg) 
Fig. 4.5(c) Double tooth excitation Fig. 4.5(d) Multiple tooth excitation 
Figure 4.5 Five phase, lOf8, fully pitched wound machine, with proposed excitation patterns. 
IAj3c = fully pitched winding currents, 1123 = equivalent single tooth currents. 
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The following equation compares the losses with this excitation pattern compared to a 
five phase short pitch winding machine with 2 phases excited at a time: 
= 
4*1 
FP 
2*R 
FP (4.5) 
Loss 2 *J2 *R SP SP SP 
where Isp = 41 FP and assuming 
Rsp =R FP' then: 
Loss 
- 
Fp = 0.125 Losssp 
This is a similar ratio to the four phase machine, and as before, assumes no extra end 
winding length, and that the effect of the small negative torque production periods are 
insignificant. The problem, again, is the number of power electronic switches required 
to supply bidirectional currents to five phases. Twenty switches would be required if an 
'H' bridge was used to control each phase, although the current rating of each would be 
substantially lower compared to a machine with a lower number of phases. As the phase 
currents sum to zero, however, an alternative would be to connect the phases in a star 
connection. This would reduce the number of switches required to 10 (5 half bridges). 
4.2.1.6 Phase Number Selection 
A three phase machine was selected for the prototype machine. This is because three 
phase is the most common machine configuration, offering full starting torque in either 
direction. Four phase machines cannot operate with unipolar excitation and five phase 
machines require too many power devices. It should be possible to optimise the machine 
further for operation with fully pitched windings. The machine can then be constructed 
and compared directly to other standard SR machines in terms of torque output for a 
given temperature rise. 
The two phase machine deserves further research as torque per unit copper loss is good 
at the same time as having potentially a very low power electronic requirement. Also the 
four phase machine with bipolar operation should offer the highest torque per unit 
copper loss, but is likely to require an expensive inverter. 
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4.2.2 Winding Resistance Versus Pole Number and Aspect Ratio 
The winding resistance for a three phase machine can be estimated using Equation 4.6, 
where N is the total number of turns in a phase, L is the stack length, W is the A slot 
average slot width, 'a'and'b'are defined in Figure 4.6. 
R= 
N[2L, 
tk + 
4b + 2a] 
phase aA 
(4.6) 
Parameters 'a' and W can be estimated using the following equations depending on the 
machine type (these equations were formulated from estimates made on typical machine 
geometries): 
Short pitched winding machine 
a= 2rT. 
(40. ) 
for a 6-4 machine (4.7) 360 
20) 
a= 2r; r - for a 12-8 machine 00 
(4.8) 
b= (4.9) 
2 
Fully pitched winding machine 
2r; r for a 6-4 machine a= (4.10) 2 
2rz for a 12-8 machine a= (4.11) 4 
b=W 
slot 
(4.12) 
A comparison of winding resistance can now be made between the fully pitched and 
short pitched winding machines with a 6-4 and 12-8 geometry with different stack 
lengths. The values shown in Table 4.1 have been calculated for a stack with an outside 
diameter of 150mm, and lengths of 75mm, 150mm and 300mm. The machine design 
described later in this Chapter has a 12-8 geometry with an outside diameter of 150mm 
and a length of 150mm , and so these theoretical numbers relate directly to that design. 
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Fig 4.6(a) 6-4, short pitched winding Fig 4.6(b) 6-4, fully pitched winding 
osp 
Fig 4.6(c) 12-8, short pitched winding 
Fig 4.6(e) axial view of a short pitched 
Winding 
Fig 4.6(d) 12-8, fully pitched winding 
stk 
Fig 4.6(f) axial view of a fully pitched 
winding 
Figure 4.6 Definition of parameters for winding resistance calculation. 
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Phase resistance has been calculated using the same wire diameter (0.85mm) and the 
same total number of turns per phase (102 turns) in each case. It is therefore possible to 
estimate total copper loss for the same total number of ampere-tums in both machine 
types by comparing the short pitched winding machine with one phase excited, and the 
fully pitched winding machine with two phases excited (unipolar excitation). In this 
example losses are calculated with the following excitation and will produce the same 
total output torque for a given stack length: 
Short pitched winding machine - one phase excited with 18.8A 
Fully pitched winding machine - two phases excited with 9AA each. 
Stack Length =75mm la'parameter 
(MM) 
'b'parameter 
(MM) 
Resistance Loss 
(W) 
Short Pitched 6-4 47.1 17.0 0.968 342.1 
Winding 12-8 23.6 8.5 0.716 253.2 
Fully Pitched 6-4 188.5 34.0 2.055 363.1 
Winding 12-8 94.2 17.0 1.26 222.7 
Stack length = 150mm 'a'paraineter 
(MM) 
'b'parameter 
(mm) 
Resistance 
(Q) 
Loss 
(W) 
Short Pitched 6-4 47.1 17.0 1.433 506.4 
Winding 12-8 23.6 8.5 1.181 417.5 
Fully Pitched 6-4 188.5 34.0 2.520 445.3 
Winding 
1- 
12-8 
I 
94.2 
I --- 
17.0 
I --- 
1.725 
I 
304.8 
Stack length = 300mm la'parameter 
(MM) 
'b'parameter 
(MM) 
Resistance 
(0) 
Loss 
(W) 
Short Pitched 6-4 47.1 17.0 2.203 835.1 
Winding 12-8 23.6 8.5 2.032 746.1 
Fully Pitched 6-4 188.5 34.0 3.142 609.6 
Winding 12-8 94.2 17.0 2.501 469.2 
Table 4.1 Comparison of phase resistance with different geometries and stack lengths. Total 
copper loss calculated with 1=18.8A for short pitched and 1=9.4A for fully pitched winding 
machines and idealised current control. Stator outside diameter = 150mm in all cases. 
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Figure 4.7 shows the variation of copper loss with stack length. These figures are based 
on unipolar excitation with the same number of ampere-turns per tooth in each case. It is 
clear from these figures that the difference in losses between a short pitched and fully 
pitched winding machine is more marked with a 12-8 geometry, which is a consequence 
of the relative length of the endwinding. It can also be seen that with a 12-8 machine it 
becomes beneficial to use a fully pitched winding with stack lengths greater than 50mm 
i. e. a stack length greater than 1/3 the outside diameter. With a 6-4 machine it only 
becomes beneficial when the stack length is greater than % the outside diameter. 
A stack length equal to the stack diameter can be considered a common aspect ratio. If a 
12-8 geometry is considered, then Table 4.1 shows that the unipolar excited fully 
pitched winding machine has 73% of the losses of the short pitched winding machine 
for the same output torque. This compares with the estimate in Section 4.2.1.3 of 50%, 
which did not take into account the extra endwinding length of the fully pitched winding 
machine. 
1000 -- ---- -- -- -------------------------- --- ------ -- 
Short Pft-ch-ed---, -6-4-ý ---------- ----------------- ------------------ --------- ------ 900 
Short Pitched, 12-8 
---------- ------------------ I ------------------ ---- 800 
A Fully Pitched, 6-4 
- ------------------------- 700 Fully Pitched, 12-8 
- -------- ---- ------------- 600 - ------------ 
500 T -------------- ------- - ---- ----- ---- ------- - ------------------ 
400 ------------ ---- -- ........ --- ---------------- - ---------------- ----------- 
300 -- ------------- ----- ------ ---------------- ------------------------------------ ------------------ 
200 - ------------- -------------- I -------------------------------------------------------- ------------------ I 
100 --------------- ------------------------------------- ------------------------------------ I --------------------- 
0 
0 50 100 150 200 250 300 
Stack Length (mm) 
Figure 4.7 Total machine loss for the same total number of ampere-turns in the short pitched 
and unipolar excited fully pitched winding machine (stack OD = 150mm). 
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4.3 Design of a3 Phase 12-8 SRM with Fully Pitched 
Windings 
4.3.1 Design Aims 
It was decided to design the machine primarily for unipolar operation. This is due to the 
fact that it seems to be the best compromise between the improvement in machine 
efficiency and the power electronic rating/cost. Chapter 6- 'Performance Comparisons' 
will describe in more detail the tradeoffs between excitation patterns and inverter VA 
rating. It is necessary to either simulate or run practical tests with each inverter topology 
and each excitation pattern to determine both high and low speed torque output. High 
speed torque output may in fact differ between each arrangement, and this ultimately 
must be taken into account before the real inverter rating can be found. 
Bipolar operation was decided to be of secondary importance. The basic difference is 
that higher flux density is encountered Mi the core back with bipolar operation due to 
more than one pair of teeth being excited at one time. Simply increasing the core back 
thickness imposes penalties, however, as within the same overall stack size either the 
winding slot area or the split ratio would have to be reduced. This inevitably affects the 
ampere-turns available within the thermal limits and therefore the torque produced. A 
machine optimally designed for bipolar operation therefore would result in slightly 
different values for these dimensions. It should be noted, however, that these are really 
second order effects, so that a machine designed for unipolar operation will still work 
very well for bipolar operation. 
The flux patterns generated with unipolar excitation are very similar to those in a short 
pitched winding machine with 120' conduction periods. In this respect then the machine 
geometry will be similar. The fully pitched winding machine, however, does potentially 
suffer from the relative length of the endwindings which contribute to a significant 
amount of extra copper being required than for the same size stack with a short pitched 
winding. The amount of extra copper can be estimated from Table 4.1 by taking the ratio 
of the phase resistance values (with the same pole number and stack length). Therefore, 
for example, a machine with a stack length of 150mm and a stator OD of 150mm. 
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requires 46% more copper. It would be advantageous from a cost point of view to 
reduce the amount of copper, as long as machine performance is not affected. Two 
points need to be bome in mind when comparing the amount of copper required in the 
short pitched and fully pitched winding machines: 
1. Reduction of fully pitched winding copper volume to force copper losses to be 
equal to that in the short pitched winding machine - The amount of copper 
needed is greater in the fully pitched machine for the same size stack and assuming 
the same slot area. An analysis, however, can be done where the same slot area is 
assumed in both machines, but the amount of copper in the fully pitched winding 
machine is reduced by an amount to equalise the copper losses in both machines for 
the same torque output. This analysis is detailed in Appendix B. It is shown that 
when the losses are equalised, the ratio of fully pitched winding copper volume to 
short pitched winding copper volume is cc2/2. Here, a is defined as the ratio of fully 
pitched winding to short pitched winding phase resistance from Table 4.1. 
Therefore, for example, a=1.46 for the 12-8 machine with a stack length of 150mm 
(and stator OD of 150mm). In this instance, then, the ratio of copper volumes in the 
two machines would be 1.066 for the same loss and torque output i. e. approximately 
the same. 
Note, however, that to equalise the losses the total cross sectional area of the fully 
pitched winding is reduced by the factor P (--l. 37, see Appendix B). This means that 
the slot area could be reduced by the same factor, which would allow, for example, 
the stator tooth width or the split ratio to be increased. These have the effect of 
increasing torque for a given MW. In this situation described, the M1%AF is equal in 
both machines, so the conclusion is that even with the same copper weight and the 
same copper loss, the fully pitched winding machine would still produce more torque 
for the same stack size. 
2. Increase of short pitched winding copper volume to that of the fully pitched 
winding machine - Could the short pitched winding machine benefit by using the 
same amount of copper as the fully pitched winding machine (in the same size 
stack)? It is possible to increase efficiency by increasing the slot area and so use extra 
75 
Chapter 4- MACHINE DESIGN 
copper to decrease current density. This is, however, at the expense of the magnetic 
area available, which in turn has an effect on the maximum amount of torque that can 
be produced within the thermal limits of the machine. These trade-offs between the 
electrical and magnetic aspects of the machine will be discussed in greater detail later 
in this chapter. The fully pitched winding machine, on the other hand, uses this 
6extra' copper in a fundamentally different way, increasing efficiency significantly at 
the same time as increasing torque output from a given frame size. This is something 
that the short pitched winding machine cannot do with any extra amount of copper. 
The major aim of this design was to optimise the fully pitched winding machine further 
by minimising the volume of copper without having significant detrimental impact on 
efficiency (at rated torque output), torque per unit copper loss, or inverter VA rating. In 
other words, remove some cost from the overall system. Other secondary design 
considerations were reduction in acoustic noise or torque ripple. The design aims are 
summarised below in order of importance: 
1. Maximise efficiency at rated torque output for unipolar operation, thereby 
maximising torque output within the given frame size 
2. Maximise torque per unit copper loss for unipolar operation 
3. Minhnise the amount of copper 
4. Minimise inverter VA rating 
5. Reduce acoustic noise 
6. Reduce torque ripple 
It was decided to use a standard induction motor frame so that direct comparisons can be 
made. ADI OOL fi-ame was selected for this purpose. 
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4.3.2 Critical Dimension and Material Selection 
In order to optimise the geometry of any SR machine the following dimensions should 
be considered. 
Tooth width to tooth pitch ratio (t/k) 
Split Ratio (ratio of stator outside diameter to rotor outside diameter) 
Ratio of core back depth (CBD) to half of tooth width (t/2) 
Air gap (g) 
Figure 4.8 defines these parameters on a typical 12-8 machine geometry. This design is, 
in fact, an Allen West 7.5kW SRM (with short pitched windings), and will be used in 
this chapter as a reference design of a typical SR machine. 
r- 
c 
I C 
+ 
C 
Ck 
Stator OD=209.54mm, Rotor OD=120.08mm, t=16mm, CBD=13mm, g=0.37mm, Lqký 
193.5mm, X=48, t--16, A =0.33, CBD/(t/2) = 1.625, split ratio = 0.58. 
Figure 4.8 Definition of machine dimensions on the Allen West 7.5kW SRM 
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Several papers have been written concerning methods of computationally determining 
the optimum values of each of these parameters. One such paper by Faiz and Finch [4.5] 
suggested optimum values for a 6-4 machine based on a relatively accurate machine 
model in which the complete aligned and unaligned magnetisation characteristics were 
calculated, thus forming the basis for determining the average torque produced. At the 
same time slot dimensions and hence winding resistance could be estimated, based on 
the basic dimensions.! As both the magnetic and electrical loading were considered at the 
same time, the trade-offs between the available ampere-tums and the reluctance of the 
core could be established e. g. if the stator tooth or core back depth was widened with the 
aim of increasing the magnetisation of the aligned curve, then the available slot area for 
the winding must be reduced (assuming the same split ratio). For the same number of 
turns the wire diameter must be reduced to fit in the slot, resistance increased, and so the 
current must be reduced for the same temperature risel 
The paper suggested three basic criteria as a means of optimising the machine - 
maximisation of torque (taking into account the slot area available for the winding), 
maximum torque per unit copper loss and efficiency. The latter took high speed 
performance into account and included iron loss. One of the most critical dimensions is 
the ratio between tooth width and tooth pitch, t/, %. The paper found that t/, % should be in 
the range 0.33 - 0.40 to maximise torque production capability in the machine, but to 
maximise torque per unit copper loss it should be in the range 0.27-0.30. For maximum 
efficiency it should be in the range of 0.25 to 0.35. The recommended value was 
between 0.35 and 0.40 as the best compromise to maximise both torque production and 
efficiency. 
Varying the split ratio (the ratio of rotor outside diameter and stator outside diameter) 
had an effect similar to t/k in that increasing it produced more torque for the same 
ampere-tums. Slot area, however, was reduced at the same time, meaning that the 
number of ampere-tums available was reduced. To maximise torque per unit copper loss 
the split ratio should be between 0.42 and 0.5. To purely maximise electromagnetic 
torque capability, however, it should be as large as practically possible. The paper 
suggested a split ratio of 0.57 to 0.63 as the optimal range for maximum torque 
production and maximum torque per unit copper loss. 
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The core back depth was optimised in a similar way. The recommended ratio of CBD to 
t/2 was in the range 1.1 to 1.3. Again this was the best compromise between torque 
production and torque per unit copper loss, but took no account of acoustic noise. 
The last important dimension was the air gap, g. The smaller the air gap the more torque 
could be produced, so in practice it is mechanical considerations that form the 
determining factor. 
The emphasis in this design is to eliminate as much copper as possible, therefore t/k, 
CBD to t/2 ratio and split ratio need to be set towards the upper end of the suggested 
ranges. To achieve a t/ X of around 0.4, say, would mean widening the stator teeth 
compared to the Allen West design shown in Figure 4.8. Widening the tip of the stator 
tooth, however, has an impact on the unaligned inductance as the rotor teeth would be 
closer to the stator teeth in this situation. It also affects the shape of the torque versus 
angle curves. To avoid this, the tooth is tapered so that it is 30% wider at the base of the 
tooth compared to the tip. The shape of the torque versus angle curve, therefore, remains 
the same, but the tooth reluctance is minimised. Miller [4.6] referred to the use of taper 
teeth to minimise tooth reluctance and concentrate the MMF drop across the air gap. 
There are several other advantages of using a tapered tooth, and these are summarised as 
follows: 
* The mechanical strength of the lamination is increased, mainly in the lateral 
direction. This is improved further if the comer between the base of the tooth and the 
core back has a radius. This may improve acoustic noise, as one noise source in a SR 
machine is the deformation of the lamination as torque is produced in a stator pole. 
e The shape of the slot becomes more square shaped, making winding insertion easier. 
The slot area is reduced (as desired) without affecting the shape of the torque/angle 
curve. 
The same tapering can be applied to the rotor tooth as a means of lowering the 
reluctance of the circuit in the aligned position as the effective tooth width increases. 
The effects of tapering the stator and rotor teeth can be seen with the aligned and 
unaligned flux linkage curves shown in Figure 4.9. These curves are the result of finite 
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element analysis using the 2D magnetostatic software that had already been developed 
in the Electric Machines and Drives Group at Newcastle University. 2D analysis means 
no account is taken of end effects. The basic geometry shown in Figure 4.8 is used with 
a short pitched winding of 61 turns and a stack length of 193mm. When tapering of the 
teeth is used, the tip is maintained at the same width and the base is widened by 33%. So 
the stator tooth tip width is 16mm and base width 21.3mm. 
Figure 4.9 shows that the tapering of the teeth does indeed increase magnetisation for 
the same number of ampere-tums, and this effect only occurs in the region of saturation 
of the iron. The unaligned curve is unaffected and therefore torque output will be 
increased (assuming the same number of ampere-turns). 
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Figure 4.9 Aligned and Unaligned flux linkage curves for the 7.5kW AllenWest machine with 
different shaped stator and rotor teeth (all other conditions the same) 
The area enclosed by the aligned and unaligned flux linkage curves is directly 
proportional to the amount of torque obtainable (Chapter 3 discussed how torque can be 
derived from the flux linkage/current/position data using co-energy). It is therefore 
straightforward to calculate the extra amount of torque obtainable with the tapered teeth 
by calculating the area enclosed between the two curves up to the number of ampere- 
turns the machine is operated at. For this machine approximately 1250 ampere-turns 
should correspond to rated output. Therefore by tapering the teeth an extra 11.9% torque 
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is available for the same number of ampere-turns. The effect of the tapering on the 
available slot area now needs to be analysed. The following equation can be used to 
estimate the slot area with straight teeth: 
;r- (r _ CBD)2 - ; r. r 
2 12 - (r -CBD-r Area stator rotor] 
- stator rI otor 
12 
(104.7 - 13)2 60 . 42 
1- 12 . (104.7 - 13 - 60.4). 16 
12 
= 745.5mm2 (4.13) 
and a similar equation can be used to estimate slot area with tapered teeth: 
;r- (r - CBD) 
2_ ;r-r2 12 - (r - CBD -r+ tbase 
Area stator rotor 
I- 
stator rotor) * 
Y2 (ttip 
12 
r- (104.7 - 13)2 -r- 60A2 
I- 12 - (104.7 - 13 - 60A) - Y2 (16 + 21.3) 
12 
=662.6mm2 (4.14) 
The number of ampere-tums must be reduced in proportion to the slot area to keep 
current density the same. This corresponds to an 11.1% reduction. It can now be seen 
that the increase in torque and the decrease in the number of arapere-turns available 
approximately cancel out, so that torque per unit copper loss is maintained as with the 
original design using straight teeth. The advantage is that the amount of copper needed 
is significantly reduced without apparently affecting performance. 
Design for a D100L frame size 
The fundamental principles of how to minimise the amount of copper required have 
been established and they can now be applied to the DI OOL frame size. 
The dimensions of the DIOOL frame are shown in Figure 4.10. The inside diameter of 
the frame is 152mm. and the length of the main body is 180mm. A sensible stack length, 
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therefore, is around 150mm. This leaves more than enough room to accommodate the 
endwindings. 
39 
Figure 4.10 Basic dimensions of the DIOOL frame shown with a 150mm length stack (shown 
without cooling fins and terminal box). 
Figure 4.11 shows the fmal lamination design. The tooth design is essentially scaled 
from the tapered tooth design discussed on the 7-5kW Allenwest machine. The stator 
tooth tip is 12.05mm wide and the base width 16mm. The average tooth width is 
therefore 14mm, which corresponds to a t/, % of 0.407. A 3mm radius is added at the base 
of the teeth to give extra mechanical strength. The tooth tip also contains a 'tang', the 
main purpose of which is location of a wedge to hold the winding in place. It does, 
however, have a slight effect on the flux linkage curves, as shown in Figure 4.12. The 
unaligned curve is raised slightly as in this position the tang shortens the gap between 
the stator and rotor teeth slightly, at a time when they should be as far apart as possible. 
In the aligned position, mainly under lower MUTs, the curve is again slightly higher. 
This is thought to be due to the larger stator to rotor surface area in this position, 
reducing the MMF drop across the air gap. The two effects essentially cancel each other 
out. 
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al In 
Figure 4.11 Stator and rotor design for the DIOOL frame. Dimensions shown in mm. 
The rotor teeth are designed in a similar way to the stator teeth, with the tip maintained 
at its normal width and the base widened by 33% to lower the reluctance, as indicated in 
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Figure 4.9. The split ratio is set to 0.594, and the core back depth 10.6mm. This gives a 
CBD/(t/2) ratio of 1.51, if the average tooth width is assumed. This is more than the 1.1 
to 1.3 recommended by Faiz and Finch [4.5], however it is advantageous to set it higher 
than this theoretical value for two reasons: 
*A thicker core back will lead to a mechanically stiffer design and should result in 
less acoustic noise. 
* It will allow better operation with bipolar operation, where the flux densities in this 
region are higher than with unipolar excitation. 
Twelve slots are placed in the core back (see Fig. 4.1 1) to accommodate bolts that run 
axially down the whole length of the stack to hold the laminations together. According 
to the FE analysis these slots should have very little effect on the electromagnetic 
design. On the rotor lamination a keyway is used to locate it onto the rotor shaft. The 
rotor laminations are then held in place axially by two rotor endcaps. 
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Figure 4.12 Aligned and Unaligned flux linkage curves for the 3kW DIOOL machine showing 
the effect of the tangs. (The rotor is not tapered with these results). 
The air gap is set to 0.25mm. As discussed earlier in the chapter this number should be 
as small as possible, but is ultimately set by mechanical considerations, such as the 
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tolerances associated with eccentricity of the rotor/bearing assembly. This size of air gap 
is thought to be acceptable for a machine of this frame size. 
Transil 335 material is used for the lamination material. This is 0.35mm thick and has 
low iron loss compared to other materials such as Newcore or Losil and is therefore 
more appropriate for this 12-8 machine with its higher electrical frequency. It is, 
however, a high cost material, which may make it prohibitive for some applications. 
Newcore has the advantage of higher permeability (which should lower copper loss), 
and Losil is a compromise between the two. The laminations can be manufactured to the 
required shape by several techniques such as laser cutting, stamping or etching. The 
latter proved to be the most cost effective for the small number being made. The basic 
tolerances of this process are very good at +/-0.04mm, however it should be 
remembered that the etching process does not lead to an even finish on the edge of the 
lamination. A cusp formation is left as the outside material is dissolved before the centre 
(see Figure 4.13). The height of this cusp is approximately one quarter of the lamination 
thickness. 
Resist 0.09 0.25 0.09 
0.35 Stator Lamination 
Cusv 
Actual v,, Desired 
edge 
I 
edge 
Rotor Lamination 
Figure 4.13 Cross section of laminations showing approximate shape of the cusp formation after 
etching. 
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4.3.3 FEA modelling and y/i Characteristics of the Final Machine 
For the purposes of simulation, flux linkage values are required over a range of rotor 
positions and MMFs. Some examples of the FEA modelling required to calculate this 
are shown in Figure 4.14. FEA software developed within the Electrical Machines and 
Drives Group at Newcastle University was used. Jack et al [4.7] described the software, 
which considerably speeds up the process by automating the mesh preparation and 
boundary source. Figure 4.14 shows the lines of flux at various rotor positions. 
Symmetry is used to reduce the amount of modelling required, so that in the aligned and 
unaligned positions only one eighth of the machine needs to be modelled. At all other 
positions one quarter of the machine needs to be modelled. 
The rotor was moved in steps of 300 (electrical) from the aligned to the unaligned 
position, and the current in steps of 76.25 arnpere-turns from 0 to 1220 ampere-tums. 
The complete set of flux linkage data generated from FEA is shown in Figure 4.15. 
Once the flux linkage data had been generated it was input into the simulation software 
(that was described in Chapter 3) to check the performance of the machine with fully 
pitched windings. 
It should be noted that all the flux linkage data that is presented in this chapter is 
calculated for a short pitched winding machine i. e. a machine in which each phase is 
electromagnetically independent from each other with no mutual coupling effects 
between phases. This is necessary, as the simulation needs this data to solve for the fully 
pitched winding currents. It works by first converting real (fully pitched winding) flux 
linkage into the equivalent single tooth MMF and flux linkages, so that decoupling of 
the phases takes place. The 'short pitched' flux linkage/current/angle data is then used to 
solve for equivalent single tooth currents, and these currents are then converted back to 
the real phase currents. This method of decoupling the phases before solving for the 
currents makes simulation of the ftilly pitched winding machine, with its mutually 
coupled windings, very much easier. 
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The simulation was used to determine the exact number of turns needed to produce the 
rated power output of 3kW at 1500rprn (i. e. a torque of 19. lNm). The simulation allows 
for easy adjustment of the number of turns by use of a 'winding turns factor' to ad ust 
the scaling on the flux linkage/current data. Once an adjustment has been made the 
simulation produces the torque-speed envelope of the machine for a fixed current 
demand and DC link voltage. The advance and conduction angles are automatically 
optimised for maximum torque production at each speed setting. This determined that 
184 series turns are needed in each slot for a fully pitched machine. 
(C) 
Figure 4.14 FE calculation of flux lines in the new machine design at different rotor positions - 
(a) aligned, (b) unaligned and (c) 120' electrical (15' mechanical) from aligned position. 
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Figure 4.15 Complete flux linkage/current/angle curves for the prototype machine generated 
from FE. Number of series turns per slot = 102, stack length =I 50mm. Angular positions are in 
electrical degrees, with 0 degrees being the aligned position. 
It was decided to wind the fully pitched winding as a double layer winding as shown in 
Figure 4.16 as this makes the endwinding easier to arrange as it comes out of the slot. In 
the 12-8 machine this means 4 separate coils. Two parallel paths were then chosen. Thus 
if 92 series connected turns are needed in each slot, then each of the four coils requires 
92 turns. 
The available slot area was calculated to be 289MM2 . This is defmed as the area of the 
slot from the core back up to the tang. If a fill factor of 0.4 is assumed then a wire of 
diameter 0.89mm is required. The nearest wire size to this is 0.85mm, therefore when 
the calculations are reversed this corresponds to 102 turns per coil being possible. The 
fact that 102 turns are used instead of the desired 92 means that the base speed of the 
machine will be reduced from 1500rpm by that ratio. With this size wire and number of 
turns the fill factor remains at 0.4. 
The flux linkage data generated from FEA in Figure 4.15 was calculated using 102 turns 
per coil. After the machine had been constructed flux linkage measurements were made 
using the method described in Appendix A. Figure 4.17 compares the theoretical and the 
88 
Chapter 4- MACHINE DESIGN 
measured results at three positions - the aligned position, the unaligned position and mid 
way between the two. The same geometry, stack length and number of turns are used in 
both situations. 
Phase B- Phase A+ Phase C- Phase B+ Phase A- Phase C+ 
PHASE WINDINGS SEARCH COILS (SC) 
Turns per coil = 102 Turns per roil =2 Coils to be wound so that current flows in the direction shown 
Coils per phase =4 (2 parallel paths) Wire diameter = 0.2mm (approx) 
Wire diameter = 0.85mm 
Figure 4.16 Winding arrangement of the fully pitched machine shown on the 'rolled out' stator. 
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Figure 4.17 A comparison of measured and FE generated flux linkage/current characteristics for 
the prototyrpe machine. Number of series turns per slot = 102, stack length =I 50mm. 
The differences between the two sets of results are thought to be due to the following: 
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The unaligned inductance is higher in reality due to the end winding leakage effects 
and the fact that the 2D FE modelling cannot take this into account. 
The inductance in the unsaturated section of the aligned curve is significantly lower. 
This is thought to be due to the air gap being larger than the 0.25mm desired and can 
be explained by the nature of the etching process that was used to form the geometry 
of the lamination. As explained in an earlier section, a cusp shape is formed on the 
edge of the lamination that has a height of approximately one quarter the thickness of 
the lamination i. e. 0.35/4 = 0.088mm. This effect is seen both on the stator and rotor 
laminations and so the effect is doubled. The average air gap therefore would be 
noticeably increased. Interestingly the measured curve in Figure 4.16 actually shows 
a good correlation with the predicted results up to around OAWb. This could simply 
be measurement error or alternatively it could be the effect of the cusp. If the distance 
between the tip of the cusp on the stator and that on the rotor produces the correct air 
gap of 0.25mm, then this would produce the correct aligned curve up until the point 
the cusp section becomes heavily saturated. The effective air gap would then 
increase, resulting in the difference between the measured and theoretical curves. 
There is a difference between the measured and theoretical results in the region of 
saturation of the teeth and core back. In this case the measured results are higher. 
This is because the lamination packing factor was much higher than the 0.9 factor 
used for the FE modelling. 
The overall effect is that the area enclosed between the measured aligned and unaligned 
curves is reduced at low MMFs, and increased at higher MMFs. Therefore the effect on 
torque production will depend on the current demand. In this case rated torque is 
designed to be produced at about 93A, so the result is that the two differences 
approximately cancel out. The packing factor of 0.9, however, is clearly too low for 
laminations that are uncoated. Unfortunately an exact packing factor for this machine 
was not obtained, but estimates indicate it to be very close to 100%. It can therefore be 
concluded that if the air gap of 0.25mm had been achieved in the actual machine 
together with this high packing factor, then more torque could have be produced. Note 
that there was no turning or grinding of the rotor outside diameter or the stator bore, 
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which would have helped to improve the air gap. Figure 4.18 shows a photograph of the 
constructed machine with the rotor removed for clarity. 
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Figure 4.18 Prototype machinc in DI OOL I, ranic. 
Winding Resistance 
The resistance of one of the four fully pitched coils can be estimated using Equation 4.6 
as follows: 
R 
coil "': 
102[(2 * 0.15) + (4 * 0.0 17) + (2 * 0.0942)] 
(4.15) 
_fp 5.8 * 107 * 0.567 * 10-6 
=1.726n (at 200C) 
Four coils are used in this machine per phase. As two pairs of series connected coils are 
then connected in parallel, the resistance of one phase is the same as the individual coil 
resistance. Therefore Rph ý 1.726Q. 
After the machine was constructed the actual phase resistance was measured to be 
1.8250. Unfortunately this was more than the predicted value due to the way the 
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machine was wound. As can be seen on Figure 4.18, the windings protrude out of the 
slots much further than they needed to before turning the 900 to Bann the endwinding. 
Calculation of amount of copper reduction 
A comparison can be made of the amount of copper used in this new design with that 
required in the Allen West reference design. The two machines have different frame 
sizes therefore the comparison is made in terms of the ratio of the slot area to stator 
cross sectional area. Equation 4.13 can be used to estimate slot area, giving the 
following values: 
D132 (Allen West machine) slot area = 753.4mm2 
D 100 (Prototype machine) slot area = 289mm2 
The ratio of slot area to stator cross sectional area is therefore: 
D132 (Allen West machine) = 0.02185 
DIOO (Prototype machine) = 0.01580 
Comparing these figures shows that the prototype machine has reduced the amount of 
copper required with fully pitched windings by 27.7%. 2.5% of this is due to the 
inclusion of tangs, 13% is due to the increase in the split ratio and the slight increase in 
the average stator tooth width, and 12% is due to the tapering of the stator teeth and the 
radius at the base of the stator teeth. 
A comparison can now be made between the amount of copper in the prototype machine 
with fully pitched windings and the amount of copper in a machine with short pitched 
windings with the same frame size and an unmodified geometty. This is useful because, 
as stated in Section 4.3.1, the fully pitched winding machine requires significantly more 
copper due to its endwinding length if the same slot area is used. Phase resistance can be 
used for this comparison if the same number of turns and the same wire diameter is 
used. Phase resistance with fully pitched windings in the prototype machine has already 
been calculated using Equation 4.15 to be 1.726Q. Phase resistance with short pitched 
92 
Chapter 4- MACHINE DESIGN 
windings and an unmodified geometry can be calculated using a modification to 
Equation 4.6 as follows: 
102 * (0.02185 / 0.0158) * [(2 * 0.15) + (4 * 0.01) + (2 * 0.0210)' Rco,, 
_sp 
- 5.8 * 107 * 0.567 * 10--6 
=1.636C2 (at 20'Q 
The additional factor of (0.02185/0.0158) is included to account for the slot area in the 
umnodified mometry being larger by this factor. 
It can now be seen that phase resistance, and therefore copper weight, is now only 5.5% 
higher with this fully pitched winding machine. As stated in Section 4.3.1, without these 
design modifications the fully pitched winding machine required 46% more copper than 
the short pitched winding machine (with this aspect ratio and a 12-8 geometry). 
4.3.4 Torque Characteristics 
Torque was calculated from the measured flux linkage data using the same method that 
was described for the simulation in Chapter 3 i. e. using the principle of co-energy. This 
data is shown in Figure 4.19, and was used extensively by both the simulation and the 
test rig for determining instantaneous torque from current. Note that current is the 
equivalent single tooth current; in the fully pitched machine the phase currents must first 
be converted into the equivalent single tooth current using the transformation matrices 
before this data can be used. 
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Figure 4.19 Torque against current and rotor position for the prototype machine calculated from 
the measured flux linkage data. 
4.4 Summary 
Fully pitched winding machines with 1,2,3,4 and 5 phases have been examined and 
some of the possible excitation patterns evaluated in terms of torque per unit copper loss 
and power electronic requirement. 
A two phase machine should have approximately the same reduction in copper loss as a 
three phase machine when compared to a short pitched winding machine. The additional 
advantage of the two phase machine is that potentially the power electronics could be 
less expensive due to the lower component count. 
It has been shown that the four phase machine cannot be excited with unipolar currents: 
this is the case with any fully pitched wound machine with an even number of phases. 
However bipolar operation has been shown to be exceedingly efficient, due to three of 
the phases contributing to torque at the same time. This results in each stator tooth being 
excited for half of the electrical cycle, thereby maximising torque output. The drawback 
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is the component count in the inverter, although each device may be rated for a 
relatively low current (simulation would be needed to confkm this). 
A three phase machine was chosen for the design mainly as it is the most common 
configuration and would enable direct comparison with other machines. It is also highly 
suitable for both unipolar and bipolar excitation. Once the design is optimised and 
construction taken place, rated torque for a given temperature rise can be determined 
with both methods of excitation. 
Optimisation of the design concentrated on reducing the amount of copper in the 
machine as copper volume can be perceived as a potential disadvantage in fully pitched 
winding machines. The fundamental geometry was re-examined from scratch to select 
the critical dimensions such as split ratio and tooth width to minimise the amount of 
copper. Tapered teeth were included to reduce the amount of copper, without adversely 
affecting the variation of flux linkage with position. A 12-8 machine was also shown to 
be highly beneficial for the fully pitched winding (more so than the short pitched 
winding). It has been shown that with the above improvements slot area has been 
reduced by 27.7% compared to the Allen West design when scaled to the same frame 
size. This results in copper weight and volume now being only 5.5% greater than the 
Allen West design with short pitched windings. Previous comparisons showed that with 
the same machine design the fidly pitched winding would require 46% more copper. 
FEA has been used to calculate flux linkage/cuffent/rotor position data. This has been 
used with the simulation to predict dynamic performance, which has concluded that the 
reduction in copper required is achieved while maintaining torque per unit copper loss. 
After construction the measured phase resistance was found to be higher than expected, 
and this is thought to be mainly attributable to the unnecessary length of the endwinding. 
Comparisons have also been made with measured flux linkage data and some 
differences have become apparent. Reasons for these differences have been postulated. 
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Chapter 5- MACHINE OPERATION AND COMPARISON 
TO SINWLATION 
5.1 Introduction 
The fully pitched machine can be excited with several methods of excitation, some of 
which require a different inverter to the standard asymmetric half bridge commonly used 
with SR machines. The following excitation methods have been investigated: 
" Unipolar. 
" Bipolar squarewave. 
" Sinusoidal (with H bridge inverter). 
" Sinusoidal (with star connected inverter). 
A test rig was specifically designed and constructed for this purpose. Briefly, this 
consisted of the following: 
The prototype three phase fully pitched winding machine described in Chapter 4 
coupled to a DC load machine. 
A DSP/FPGA based control system designed to allow flexible control strategies and 
to capture and calculate data to assess motor drive performance. This was linked to a 
host PC and DSP emulator that allow software development and data capture. 
An IGBT based power electronic inverter, conflgurable in a variety of topologies. 
Appendix C describes the rig, its control methods and measurement techniques in more 
detail. This chapter shows the prototype machine running on this test rig with each 
method of excitation - Chapter 6 goes on to make the performance comparisons. 
Current waveforms are measured and the DSP processes this data to calculate various 
other useful waveforms such as the equivalent single tooth current and torque. This 
additional information makes the understanding of the way torque is produced in the 
machine easier. Following this, simulation results are shown under the same operating 
conditions for direct comparison. General reference should be made to the PhD thesis by 
Barrass [5.1 ], which describes the first development of a current controlled fully pitched 
winding machine with both unipolar and bipolar excitation patterns. 
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5.2 Unipolar Operation 
Low speed 
Figure 5.1 shows the measured phase currents of the fully pitched wound machine with 
unipolar excitation during low speed operation. At this speed they are very close to the 
ideal 2400 conduction described in Chapter 2. The equivalent single tooth current, 11, is 
also shown and is calculated using the transformation matrices (these are described in 
Chapter 2). This calculation is done in real time by the DSP controller with knowledge 
of the measured phase currents. The equivalent single tooth current is very useful in 
understanding machine operation. This is the current that would be needed to flow in a 
phase of a short pitched winding machine to produce the same amount of flux in each 
tooth. In this respect therefore, Figure 5.1 shows that 2400 unipolar conduction in a fully 
pitched winding machine is the equivalent of 120' conduction in a short pitched winding 
machine. 
The torque due to the current in the equivalent single tooth phase is also calculated. As 
described in Appendix C, this is done using the curves of torque against current and 
rotor position for the prototype machine. The torque due to the II is shown in Figure 5.1, 
in addition to the total torque due to all three phases. 
Note that the equivalent single tooth parameters are calculated on the basis that these 
equivalent phases have the same number of turns as the actual fully pitched windings. 
Therefore with two phases excited and the same number of turns per phase, the 
amplitude of 11 is twice that Of IA. 
Half way through the conduction period the current has a large tendency to increase due 
to the commutation of the other two phases and the large amount of mutual coupling in 
this type of machine. The inverter is actually capable of applying enough volts to 
prevent this from occurring, but in this instance the controller bandwidth is not high 
enough to completely cope with the situation and the current rises beyond the demanded 
value slightly. It is now useful to compare these results to the simulation shown in 
Figure 5.2, which was performed using measured y-i data. 
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It can been seen that the phase currents are almost identical, including the magnitude of 
the commutation spike in the middle of the conduction period. The whole waveform 
shape is modelled very well by the simulation. This is due to two main reasons: 
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Figure 5.1 Measured waveforms of unipolar operation. Real currents are measured, equivalent 
single tooth current and torque are calculated. Id==9.2A, V&=58OV, Speed=200rpm. 
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Figure 5.2 Simulation of unipolar operation. I&. 791A, Vdc=580V, speed=200rpM. 
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The core model of the simulation is accurate because of the combined use of Runge 
Kutta time stepping method, the flux linkage/current/rotor position data, and the 
transformation matrices. This method is able to cope with the strong mutual coupling 
and magnetic saturation in this type of machine. 
The current controller is completely modelled. This predicts effects that are likely to 
be seen in practical situations where controller bandwidth is not infinite and 
therefore current control is not perfect. In this case the controller on the test rig is 
digital with current sampling every 100gs and lOkHz switching frequency. The 
same current controller PID gains are used, and current sampling occurred as the 
same point within a PWM period. (Appendix C describes the digital controller in 
more detail). 
The simulated results also show the flux linkage waveform. The flux linkage for phase 
A is shown in Figure 5.2. During the first half of the conduction period flux rises 
gradually as torque is produced in the machine. At the half way point the full effect of 
the other two phases commutating can now be seen. A large voltage needs to be applied 
to the phase to reduce the flux linkage and prevent the current rising beyond the current 
demand. Following this point flux again starts to rise more gradually, again as torque is 
produced. At the end of the conduction period negative volts are applied to bring the 
current and flux linkage down to zero. In this machine, however, the flux linkage in fact 
needs to fall below zero during the time that the phase is off. This is as a consequence of 
the mutual coupling between phases. 
Figure 5.3 Cross section of the machine with phases A and B conducting. 
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Figure 5.3 shows a cross section of the machine with phases A and B conducting with a 
representation of the resulting flux pattern. It can be seen that this flux completely links 
phase C as well, and as a result a voltage must be applied to keep the current at zero. 
Consequently the shape of the flux linkage during its negative region is the miffor image 
of that during one half of the positive region. 
Figure 5.4 shows the xV/i locus with unipolar operation i. e. an x-y plot of flux linkage 
against current. The area enclosed by the locus can be used to calculate the torque being 
produced, as with y/i loci in short pitched winding SR machines. In the fully pitched 
winding machine, however, the flux linkage in a phase is a function of rotor position and 
the current in that phase, as well as the currents in the other two phases. It is therefore 
difficult to draw any further conclusions from it. Instead it is much more useftil to look 
at the equivalent single tooth y/i locus derived using the transformation matrices. This is 
now the much more familiar shape of the xV/i locus where the phase flux linkage only 
depends on rotor position and the current in that phase. The aligned and unaligned 
curves taken from the measured flux linkage data for the machine is also shown for 
comparison. This indicates how much of the machines' potential to produce torque is 
being utilised. 
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Figure 5.4 Simulated W/i locus of the fully pitched winding machine with unipolar operation. 
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Fig. 5.5 Simulated y/i locus of the equivalent single tooth parameters with unipolar operation. 
Comparisons of machine efficiencies with this mode of operation are made in Chapter 6, 
together with the other modes of operation and the same machine with short pitched 
windings. 
High speed 
Figure 5.6 shows real and simulated current waveforms with unipolar excitation at the 
equivalent of base speed (675rpm) and twice base speed (1350rpm). Base speed is 
675rpm here because the drive is being operated at a reduced DC link of 290V to avoid 
over-speeding the DC generator load. 
The current demand is still 9.2A, and at higher speeds it is beneficial to reduce the 
conduction period slightly below 240' (see Chapter 6 for a graph of conduction angle 
versus speed). At base speed and beyond the back EMF is such that the inverter 'runs 
out of volts' and the current waveform starts to move to the shape it becomes in full 
voltage control. This is the waveform in the bottom graph of Figure 5.6 that resembles a 
twin peak. 
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The waveforms for the simulation are very close to the measured results. The only 
significant difference is at twice base speed, where there is a mismatch in the on and off 
angles. This is thought to be due to the limitations of the bandwidth of the position 
sensing part of the control system on the test rig, which the simulation did not fully 
model i. e. position sampling takes place every lOOuS, and at 1350rpm this corresponds 
to a rotation of 6.50 (electrical). Therefore the test rig on and off angles can be incorrect 
by an amount up to this value - the simulation on the other hand assumed the exact 
desired values. 
Finally, for unipolar operation, a comparison of torque-speed curves between measured 
and simulated results is shown in Figure 5.7. 
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Figure 5.6 Comparison of real and simulated unipolar currents. 1&, --9.2A, Vd, =290V. Top 
graph at 675rpm, bottom graph at 1350rpm. 
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Figure 5.7 Comparison of real and simulated torque-speed characteristics for unipolar 
operation. Top two curves with Vd,; =580V, bottom two curves with Vd, =290V. 
5.3 Bipolar Squarewave Operation 
Low speed 
Measured results for bipolar squarewave operation are shown in Figure 5.8, with the 
machine operating at low speed and a current demand of 7.2A. Note that the electrical 
ftequency of this bipolar waveform is half that of the unipolar waveform (the ratio 
between electrical and mechanical frequency has been kept the same as unipolar 
operation for direct comparison). The equivalent single tooth current is also bipolar and 
now has a peak value 21.4A, which is three times that of the fully pitched winding 
current. With unipolar operation it was only twice the value. This is, however, 
counterbalanced to some extent by current that flows during the negative torque 
producing region. The magnitude of this current is one third the peak value, and the 
negative torque it produces can be seen in the bottom graph (the positive torque 
producing regions are between 1800 to 3600,540' to 720' and so on). This graph also 
shows the total torque is in fact relatively smooth for a three phase SR machine. 
To achieve these currents a more complex inverter is required i. e. an H bridge inverter 
which allows full independent control of each phase. These currents could not for 
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example flow in a star connected three phase bridge inverter because the phase currents 
do not sum to zero. Three H bridge inverters, however, require twice as many power 
electronic devices as the asymmetric half bridge, although this is compensated to some 
extent by a reduction in current demand to produce the same torque. Chapter 6 looks in 
more detail at comparisons of inverter rating and motor efficiency. 
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Figure 5.8 Measured waveforms of bipolar squarewave operation. Real currents are measured, 
equivalent single tooth and torque calculated. Ide,,, =7. I A, Vdc=290V, speed= I OOrpm. 
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Simulated waveforms are shown in Figure 5.9 and are almost identical to the measured 
ones. Again details such as the disturbances caused by commutation in the other phases 
is modelled very well. 
Phase flux linkage in a fully pitched phase, as well as an equivalent single tooth phase, 
are shown. Notice that the peak value of the former is 1.15Wb which compares to 
0.75Wb for unipolar operation. Figures 5.10 and 5.11 show Y/i loci for the fully pitched 
and equivalent single tooth phases respectively. Again torque can be calculated from the 
locus of the fully pitched phase, but is difficult to understand because of the mutual 
coupling between phases. Once the phases have been decoupled to the equivalent single 
tooth waveforms it becomes clear. With bipolar excitation it can been seen that the 
torque is being derived at much higher levels of current and flux linkage, in fact almost 
exclusively beyond the 'knee' point of the aligned curve. This is a region where there is 
a large area between the aligned and unaligned curves for torque to be produced. Peak 
equivalent single tooth flux linkage is the same as unipolar operation, but the current 
level is higher. Operation is of course bipolar so the phase flux linkage and current must 
be forced to zero and then negative every electrical cycle, which might imply a much 
larger applied voltage at high speed to maintain torque output. However this is 
counteracted by the fact that the frequency of the electrical cycle is half that of unipolar 
operation. 
High speed 
Figure 5.12 shows current wavefonns at 675rpm (base speed with Vd, =290V) and 
1350rpm (twice base speed). Simulated results are compared with measured, and again 
good correlation can be seen despite the heavy distortion of the waveforms away from 
the ideal bipolar square shape. 
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Figure 5.9 Simulation of bipolar squarewave operation. Idn=7. I A, Vdc=290V, speed=1 OOrpm. 
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Figure 5.12 Comparison of real and simulated bipolar square currents. Id,:. =7. IA, Vd, =290V. 
Top graph at 675rpm, bottom graph at 1350rpm. 
5.4 Sinusoidal Operation with H Bridge 
Sinusoidal operation is interesting as this waveshape is, of course, used with many AC 
machines. This section shows measured and simulated waveforms with each phase of 
the machine connected to its own H bridge, which allows the greatest flexibility in terms 
of the voltages and currents that can be supplied to each phase. Sinusoidal currents can 
also be produced with a star connected three phase bridge inverter, due to the fact that 
the phase currents always sum to zero. This mode of operation is covered in Section 5.5. 
Results in terms of machine efficiency and inverter rating with both inverters are 
presented in Chapter 6. 
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Operation with the H bridge connection is shown in Figure 5.13. It can be seen that the 
equivalent single tooth current is also sinusoidal and, as with bipolar squarewave 
operation, its frequency is half that of unipolar operation. The simulated results in Figure 
5.14 also show the flux linkage waveforms. Torque ripple is relatively low. Also, 
importantly for acoustic noise, the shape of all the waveforms, especially the flux 
linkage, is very smooth. Barrass [5.1] compared noise levels with different methods of 
excitation in the fully pitched winding machine. 
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Figure 5.13 Measured waveforms of sinusoidal operation. Real currents are measured, 
equivalent single tooth current and torque are calculated. I =10.5A(pk), Vdc=290V, dan 
speed=100rpm. 
110 
Chapter 5- MACHINE OPERATION AND COMPARISON TO SIMULATION 
12 --- -- --------------------------------- ------- ------ -------------- 
81 -------------- ------ ------- ------ 
4 -- -------------------------------- ------- -------- - ----- -I ------ ,A0 
(A) -4 --Z40 3 4SO --- 600 --- 720- 8- ----960- -10 12-00- 1320 1440 
-8 ------ -- ------- ------ - 
-12 ----- -- --- ------- -- 
12 F ------------- -- ---,, -- ---- --------------------------------- -I- 11 ------- I ------------- - ------ 
4 ------------ --------- -- - -------------- 
0 
-4 ---- 12 --- 240- '360--- 480- -6 -720 --8 960 -1090 --- 12100 13 1440 
-8 
12 -- ---------- -- -- -- --------- -- -- - -- -- ------- 
ic 
(A) 
12 --- ------- ----------- -------------------- --------- ----- ------------------------------------- 
8 ----- - ------- -------- -------- ---- - --- --------- -------- I ---------- I ------- 1. 
4 ------- ------- - ----- -------- -------- --------- I ------------- ----- ----------------------- 
0 
-4 120 240 3 -480-- -6 ---720 840 960 --Io 1200 13 A440 
-8 ------ - -- ----- ---- 1. .i -- --- 
-12 --- --- --- - ---------- --------- --- ------ ------ - ----- -. 
1.5 ----------------------- -------- ------ - ---- -------- -------- ------ 
--------------- ------- ---- ------- ----------------------- I ------ - ----- ------- 
0.5 ------- ------------ ----------- ------- I ---------------------- --- - ----- WA 0 
(Wb) -0.5 ----12-0 -240 360 --- so ---- 600 ---- 720 840 960- -1080 200 1320 1440 
-1 4- ----- -------- 
-1.5 ----- ------ - --- ---- -------- --- 
0.75 ------ ---------------------- - -------- ------- I --------- -------- ------- 
0.5 ------- ---- -- -------- ---- -- --- --------------------------------- 
Wi 0.25 ---------- ----- - ---- -- ------ I --- ----------- -------- -------- 
(Wb) 0 ------ - 
-0.25 0-- -120 0- 360 48D -600 -- 720 - 940 -0 1080 1200- T370 -1440 
-0.5 - ------ -------------- -- --- 
-0.75 -- --------- ------ 
: ------ ----- ------- 
24 
16 ----- -- ----------- - ----- ------ 
8 --- ----------------------- - --- - ----- ------------------------------- --- --- ------- 
0 
-8 0)- 240 36 480 600 --720 8 960 10 1200- -11 20 -14 40 
-16 
-24 
T 
(Nm) 
35 
25 
15 
5 
-5 
-15 
T--- A, ýA fn I- Total torque 
ý. I ZPO 
--- 
13ýO 1440 
Figure 5.14 Simulation of sinusoidal operation. ld. ý=IMA(pk), V&=290V, speed=100rpm. 
III 
Rotor position (electrical deg) 
Chapter 5- MACHINE OPERATION AND COMPARISON TO SIMULATION 
Barrass found that the rate of change of flux linkage and current, particularly at, or near, 
the aligned position, was the dominant factor in the noise level produced. This agreed 
with the conclusions of Cameron et al [5.2], and Wu et al [5.3], that noise is a result of 
oscillations caused by the effects of the stator "ovalising". Measurements by Barrass 
[5.1] found that sinusoidal operation was significantly quieter than unipolar operation 
with the same machine because of these smoother waveforms. While no acoustic 
measurements were made on this test rig, this mode of operation was noticeably quieter 
than those with step changes in current demand. 
The Th locus for sinusoidal operation is shown in Figures 5.15. Note that current 
demands for all modes of operation shown through this Chapter produce the same low 
speed torque. The y/i locus shows that both peak current and peak flux linkage are 
higher than those with bipolar squarewave operation, which tends to indicate that a 
larger inverter will be required to produce the same torque at high speed. The equivalent 
single tooth xV/i locus is shown in Figure 5.16. This emphasises how smooth both 
changes of current and flux are in each machine pole. A significant amount of the locus 
is realised in terms of torque production, but it is not as good as unipolar operation. 
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Fig. 5.15 Simulated y/i locus of the fully pitched winding machine with sinusoidal currents. 
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High speed 
Measured phase current at base speed is shown in Figure 5.17 (675rpm with Vdc=290V). 
This is compared directly with the simulated waveform and again very good correlation 
was found. Heavy distortion from the ideal sinusoidal shape is apparent at this speed. 
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Figure 5.17 Comparison of real and simulated sinusoidal operation with H bridge. 
Id,,,, =10.5A(pk), Vdc=290V, speed=675rpm. 
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5.5 Sinusoidal Operation with Star Connection 
The star connected machine, as explained in Chapter 3, is particularly difficult to 
simulate because of the additional need to calculate the star point voltage. Considerable 
extra calculations are necessary to iteratively determine the star point voltage during 
each time step of the simulation. 
When operating at low speed, waveforms such as current, flux linkage and torque, are 
all identical to sinusoidal operation with an H bridge. Both types of inverter are able to 
easily supply the desired sinusoidal shape at this speed. Differences, however, emerge at 
higher speed where the star connected inverter is restricted in terms of the voltages it 
can apply to each phase. Figure 5.18 shows simulated waveforms at base speed. It can 
be seen that under these conditions the line voltage, VLI, is essentially in full voltage 
control i. e. alternating between full DC link volts (290V) and OV. Vs is the star point 
voltage which swings between the two rail voltages but in a triangular shape and at three 
times the frequency of the current waveform. The voltage across phase A, VA. is the 
difference between VLI and Vs. As a result the voltage available to be supplied to a 
phase is considerably less than with H bridge operation, which inevitably means lower 
torque at high speed. Figures 5.17 and 5.18 can be compared directly to see the 
difference in the resulting currents at base speed with the same current demand and the 
same DC link voltage. 
Figures 5.19 shows good correlation between simulated and measured current at base 
speed despite the heavy distortion of the waveforms. This indicates that the iterative 
method for determining star point voltage worked well. Figure 5.20 is a comparison of 
torque-speed curves. Correlation is generally good, but there are differences at higher 
speeds while under heavy voltage control. 
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Figure 5.18 Simulation of star connected operation. Idem=10.5A(pk), Vd, =290V, speed=675rpm. 
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116 
Chapter 5- MACHINE OPERATION AND COMPARISON TO SIMULATION 
5.6 Summary 
Operation of the test rig has been demonstrated with each basic mode of operation of the 
fully pitched winding machine. Simulated waveforms and results under the same 
conditions have been compared directly. Generally very good correlation has been 
demonstrated which shows that the simulation is able to cope with heavy magnetic 
saturation, large amounts of mutual coupling, as well as subtleties introduced by the 
digital PWM control system. 
The benefits of using the transformation matrices has been demonstrated. These have 
been used to calculate the equivalent single tooth current, flux and torque and have 
helped to explain how the machine works. For example 240' unipolar operation has 
been shown to be very similar in some respects to 120' operation of an SR motor with 
short pitched windings i. e. the single tooth currents and fluxes are the same. 
Examination of the flux linkage waveforms with unipolar operation has revealed that it 
in fact needs to go negative during the off period of a phase. This is due to the strong 
mutual coupling between phases and is unlike unipolar operation of the short pitched 
winding machine where the flux linkage is always positive. Chapter 6 shows that this 
has a significant effect on inverter rating. 
Operation with bipolar currents has been demonstrated with current, flux linkage and 
torque waveforms. The equivalent single tooth waveforms aided in the analysis by 
showing what happens in each stator tooth so that comparisons can more easily made 
with the short pitched winding machine. Bipolar operation cannot use the asymmetric 
inverter commonly used with the SR motor. Instead operation has been demonstrated 
with both the H bridge inverter and a three phase bridge in star connection. 
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Chapter 6- PERFORMANCE COMPARISONS 
6.1 Introduction 
The last chapter showed measured and simulated waveforms with each different mode 
of excitation of the machine. This chapter looks at how well they compare in terms two 
main criteria: 
* The rating of inverter required to achieve a given machine output power. 
* Torque per unit copper loss and machine efficiency. 
Initially, measured torque-speed characteristics will be compared with a fixed current 
demand. Tests were performed on the test rig with the new machine design described in 
Chapter 4. In each case the same DC link voltage and the same number of turns per 
phase were used. The results from this show that there are differences in the torque- 
speed characteristics, so it therefore becomes necessary to adjust the number of turns in 
each phase and adjust the current demand to attempt to produce the same machine 
output over the whole speed range. Simulation results are used for this comparison as 
the number of turns per phase can be infinitely adjusted with ease (use of the simulation 
has been justified by the results shown in Chapter 5). Inverter ratings can then be truly 
compared, with each drive producing the same torque and power output. Comparisons 
will be made in terms of peak VA as well as average device losses. This is necessary, as 
the nature of a given application will determine which of the two is more important, as 
will be discussed. 
Machine efficiency and torque per unit copper loss is demonstrated by copper loss 
comparisons over the speed range. In addition, temperature rise tests were perfon-ned for 
unipolar and bipolar squarewave operation with thermocouple results from various 
strategic points within the motor. These results are used to demonstrate maximum 
continuous torque for this new prototype design of fully pitched winding machine. Short 
term torque and losses are also assessed with the aid of simulation work. 
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6.2 Inverter Rating Comparison 
6.2.1 Torque-Speed Characteristics with the Same Number of Phase 
Turns and the Same DC Link Voltage 
Torque-speed characteristics were measured on the test rig for the various different 
excitation methods previously described i. e. 
Unipolar (2400 conduction using an asymmetric half bridge inverter). 
Bipolar squarewave (3600 conduction using an H bridge inverter). 
Sinusoidal (using an H bridge inverter). 
Sinusoidal star connected (using a three phase bridge inverter). 
Measurements were taken under the following conditions: 
The prototype machine (described in Chapter 4) with 204 series turns per phase. 
Results were taken with a DC link voltage of 580V (rated voltage) and also at a 
reduced voltage of 290V to see effects at higher speed without over-speeding the DC 
load machine. 
On and off angles optimised for maximum average torque throughout the speed 
range. 
Current demand set at low speed in each case to give the same torque of 27.2Nm, 
which in the case of unipolar operation corresponds to the nominal rated torque of 
19Nm at 1350rpm. 
As these results are taken from test rig measurements no comparison is made here with 
the short pitched winding machine. However, simulated results later in this chapter will 
make that comparison. 
Figures 6.1 and 6.2 show the torque-speed curves at Vd, =580V and V&=290V 
respectively. The current demands used to achieve these are detailed in Table 6.1. There 
are clearly differences between each mode of operation, and the reasons will be 
explained over the forthcoming sections. Note that the results shown are machine 
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electrical torque calculated by the DSP, as opposed to shaft torque. Appendix C details 
the method used and a crosscheck with measurements from a torque transducer on the 
shaft. 
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Figure 6.1 Torque-speed characteristics with Vd,: =5 80V. Current demands as Table 6.1. 
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Figure 6.2 Torque-speed characteristics with Vd, =290V. Current demands as Table 6.1. 
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Machine type Excitation method Idem 
Fully pitched winding Unipolar 9.2 
Fully pitched winding Bipolar Squarewave 7.1 
Fully pitched winding Sinusoidal 10.3 
Fully pitched winding Sinusoidal Star Connected 10.3 
Table 6.1 Current demands for the torque-speed characteristics in Figure 6.1 and 6.2 
The next stage uses the simulation to do the following: 
e Make adjustments to the number of turns and current demand in each case so that the 
same torque and power output is achieved. Making these adjustments is easily 
achieved with the simulation and once done, inverter VA rating can then be truly 
compared. 
* Simulate both the fully pitched winding and short pitched winding machines with 
exactly the same stack geometry to compare the torque-speed characteristics and 
inverter VA rating (again electrical torque is simulated). 
6.2.2 Adjustment to Machine Parameters to Achieve Matched Torque 
and Power Output 
For the purposes of this comparison the torque-speed curve for unipolar excitation in the 
fully pitched winding machine is taken as the reference. So for the other methods of 
excitation high speed torque needed to be boosted. This was achieved by reducing the 
number of turns per phase, which has the effect of reducing motional back EMF, hence 
allowing currents to be more easily forced into the machine. In addition, to maintain the 
same MMF, current demand needs to be increased by the inverse of the same factor. 
This method gave an increase in inverter VA rating to increase high speed torque, while 
maintaining the same DC link voltage. 
It should be noted that any change in the number of turns does not affect machine 
efficiency. The same amount of stator slot area is available to fill with copper. So, for 
example, if the number of turns is halved and the current demand doubled, copper losses 
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(12 R losses) remain constant because the conductor cross sectional area per turn is 
doubled. 
The different torque-speed curves reduce with speed at slightly different rates, so it is 
impossible to match the curves over the entire speed range. It makes sense, though, to 
matched them at two points - low speed and base speed. Base speed is the point at which 
the desired power output is first achieved. Advance and conduction angles are again 
optimised at each point for maximum average torque. 
Table 6.2 shows the conditions used to match the torque-speed curves. Before 
adjustment each machine had the same number of turns per phase. The 'turns factor' 
refers to the relative adjustment to the number of turns needed to achieve the matching. 
The current demands are also adjusted by the inverse of the same factor to maintain the 
same MMF as before. 
Machine type Excitation method Turns 
factor 
Number of 
series turns 
Idem after 
adjustment] 
Fully pitched winding Unipolar 1 204 9.4 
Fully pitched winding Bipolar Squarewave 0.88 180 8.3 
Fully pitched winding Sinusoidal 0.82 167 12.8 
Fully pitched winding Sinusoidal Star Connected 0.6 122 17.5 
Short pitched winding Unipolar 2 408 9.4 
Table 6.2 Adjustments to the number of turns and current demand. 
The short pitched winding machine is now included in this comparison and control of 
this machine is complicated by the fact that the conduction angle can be set to any value 
between 120' and 1800. More torque is always achieved with 1800 conduction with 
lower torque ripple, but there is a severe penalty in terms of copper loss, especially at 
low speed. Beyond base speed, however, 1800 is desirable to maximise power output for 
a given inverter size. To present the best case for the short pitched winding machine 
conduction angle is varied with speed. At low speed 1200 is used to maximise torque per 
unit copper loss. Conduction angle is then raised gradually with speed to values between 
1300 and 140 0. This still maintains good torque per unit copper loss but lowers torque 
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ripple significantly and raises torque output for a given current demand. Only in the 
region of base speed and above does the conduction angle become close to 1800 to 
maximise torque output. Advance angle is optimised at each speed. The angles used for 
the short pitched winding machine, and those for each mode of operation of the fully 
pitched winding machine, are shown in Figure 6.3. 
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Figure 6.3 Advance and conduction angles used for the torque output shown in Figure 6.4 
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Figure 6.4 shows the resulting torque-speed curves and confirms that the torque has 
been matched at low speed as well as base speed. The following sections explain the 
need for the adjustments to number of turns per phase. 
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Figure 6.4 Simulated torque-speed characteristics with Vd, =580V for the conditions shown in 
Table 6.2. 
Unipolar Excitation 
Figure 6.5 shows simulated current and flux waveforms for the short pitched winding 
machine used for the torque-speed comparison. This machine has 408 series turns per 
phase, and operation is shown at low speed with 1200 unipolar conduction and a current 
demand of 9.4A. 
The change in the value of flux linkage determines how many volt-seconds need to be 
applied to a phase. 
y/ = f(V - iR). dt (6.1) 
where 'V 'is the applied voltage to the phase, I jR I is the volts drop across the phase due 
to its resistance. 
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This will consequently determine the speed at which the inverter is no longer capable of 
forcing the required current into the machine, which leads to torque output falling off 
with increasing speed. The change in flux linkage here is 1.5Wb and occurs over a 1200 
period i. e. 0.0125Wb/deg. The results in Table 6.2 show that the fully pitched winding 
machine requires half the number of turns per phase and the same current demand to 
achieve the same torque-speed curve. Figure 5.2 in Chapter 5 showed simulation results 
for this exact situation i. e. the fully pitched winding machine with 204 series turns per 
phase. 
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Fig. 6.5 Simulated low speed current and flUX Waveforms for the short pitched winding 
machine. 
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Figure 5.2 shows that during its conduction period of 2400 the flux linkage rises to a 
level of 0.75Wb - half that of that of the short pitched winding machine. This is as 
expected as the fully pitched winding machine has half as many turns and the same 
current demand. During the off period of the phase, however, the flux linkage needs to 
go negative by the same value due to the mutual coupling between phases (the flux in 
the two phases that are conducting also links the phase that is off). At high speed, 
therefore, the rate of fall of flux linkage at turn off of a phase is the same in both the 
fully pitched and short pitched winding machines. This explains why torque now falls 
off with speed at the same rate in both machines. 
Note that the same level of MMF in each tooth is also maintained in the fidly pitched 
winding machine and so the same torque is produced. In comparison to the short pitched 
winding machine current demand is now the same, the number of turns per phase is half, 
but two phases are excited at the same time. 
Bipolar Squarewave Excitation 
Current and flux waveforms were shown in Figure 5.9 for the fully pitched winding 
machine with bipolar squarewave operation. These waveforms are before the 
adjustments to the number of turns i. e. 204 series turns per phase as with unipolar 
excitation. This mode of operation is a little more difficult to compare directly with 
unipolar operation as the waveforms are quite different. It is therefore difficult to assess 
the exact required rate of change of flux required at high speed. However, the highest 
general rate of change of flux is, for example in the period between 80 ' and 225'. Here 
the total change of flux linkage is 2.1 Wb, which corresponds to a rate of change of 
0.0145Wb/deg. This is slightly higher than unipolar operation and goes some way to 
explaining why the number of turns needs to be reduced by a factor of 0.88 to match the 
torque-speed characteristics. 
Sinusoidal Excitation 
This is very similar to bipolar square operation in that both are operated from the same 
H bridge inverter and both waveforms are bipolar. The difference is that the sinusoidal 
shape of the current demand is detrimental to high speed performance. Figures 6.6 and 
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Fig. 6.6 Simulated waveforms of sinusoidal operation with V&=290V, speed=675rpm. 
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Fig. 6.7 Simulated waveforms for bipolar squarewave operation with Vd, =290V, 
speed=675rpm. 
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6.7 show this more clearly. Consider the point at which the current demand for 
sinusoidal goes positive at approximately 360'. The actual current is close to the 
demanded value at this point so full DC link volts are not applied to the phase (VA is the 
voltage across phase A). This situation continues for a Rifther 80'. This contrasts with 
bipolar squarewave operation where as soon as the current demand goes positive, full 
DC link volts are applied. A similar situation occurs towards the end of this positive 
section of the current demand where positive volts are removed before they could be. 
The effect is that less volts are applied to the phases with a sinusoidal current demand. 
This can also be seen in the equivalent single tooth current (11) where more of this 
current is in the positive torque producing region with bipolar squarewave operation e. g. 
the region between 1800 and 360'. 
In an attempt to get more current into machine it can be seen that sinusoidal operation 
uses more advance angle. It is, however, the shape of the demanded current that is the 
fundamental problem at high speed. 
Sinusoidal Star Connected Excitation 
In this mode of operation the current demand is exactly the same as sinusoidal operation 
from an H bridge. The difference here is that the voltage at the star point reduces the 
voltage that is available to be applied to a phase. Inevitably, therefore, torque reduces 
more rapidly with speed. This can be seen in Figure 6.8 which shows operation at 
675rpm with Vdcý290V. VLI is the line voltage that is applied to one end of phase A. 
The other end is the star point, Vs. At this speed the controller is applying the full 
voltage possible for the majority of the time. The star point, however, varies 
considerably in value and detracts significantly from the voltage actually applied to the 
phase (VA). The current level and torque output therefore reduce more rapidly with 
speed than for sinusoidal operation from an H bridge inverter. 
The number of turns therefore must be reduced and the current demand increased to 
produce more torque at high speed, which increases inverter VA rating. On the other 
hand only 6 transistors are required, as opposed to 12 with an H bridge inverter. The 
next section compares the overall effect in terms of inverter size and rating. 
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Figure 6.8 Simulation of star connected operation. 1&, =IO. SA(pk), V&=290V, Speed=675rpm. 
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6.2.3 Inverter Rating 
Several papers have been published on methods to evaluate the inverter VA rating of SR 
machines for example Miller [6.1 ], Davis et al [6.2] and Ray et al [6.3 ]. Two commonly 
used techniques are: 
" Calculate the peak volts and current that each power electronic device must 
withstand, and multiply this by the number of switches in the circuit. Inverter rating 
is then expressed in terms of kVA per kW of motor power. 
" Calculation of device rms current and peak voltage, again expressed in terms of 
kVA/kW. 
It will be seen that these two different methods of comparison unfortunately yield 
different relative results, and which one is more important depends on the application 
conditions. The majority of power circuits today are constructed using either MOSFETS 
or IGBTs. It is true to say that in both cases these devices are much less sensitive to 
peak currents than they used to be. For example SOAs (Safe Operating Areas) are very 
wide and dynamic switching effects such as 'latch up' in IGBTs have been eliminated 
with improvements in design (see Clemente et al [6.4]). This is caused when excessive 
currents are attempted to be turned off in a device -a high density of hole currents flow 
in the resistor rb in the IGBT equivalent circuit, and the result is the device turns back on 
and latches like a thyristor. 
The main factor that determines the selection of a device is the calculation of its peak 
junction temperature, which is determined by the losses in the device and its thermal 
resistance to the heatsink. There are two basic calculations that need to be perfonned: 
Calculation of junction temperature at high speed. In this situation it is the average 
device losses that should be used for the calculation. This assumes that the thermal 
time constant of a device is long, so that junction temperature will not vary across an 
electrical cycle. 
Calculation of junction temperature at minimum speed. If the motor speed is low 
enough then the junction temperature will reach its steady state value at the point in 
the electrical cycle with the peak current. The junction temperature calculation should 
then be based on the losses in the device at this point. Note that if the minimum 
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motor speed is not low enough to reach this steady state value a more complex 
calculation must be done that takes in to account the thermal time constant of the 
device. This involves use of the 'Effective Transient Thermal Impedance' of the 
device published in its datasheet. 
Clearly the application conditions need to be known before it can be determined whether 
it is the peak losses or the average losses that are more important. In other words 
whether inverter rating should be based on the peak VA calculation or the rms 
current/peak voltage calculation. 
The following are additional points to consider in the assessment of the 'size' or cost of 
an inverter drive: 
Number of switches. Both of the above analyses take this into account by 
calculating the individual VA rating of each switch and multiplying by the total 
number. This is a very simplistic assumption. The cost of one device is not 
necessarily twice the cost of two devices of half the VA rating. In addition, a larger 
number of smaller devices tend to take up more space, cost more to assemble and 
require more drive and control circuits. The relative effect of these will be different in 
a small drive compared to a large one. For example the cost of a drive circuit in a low 
power drive is close to that of the switch itself, whereas in a larger drive there may 
well be an order of magnitude difference in the cost. For these reasons it is likely that 
more preference should be given to the inverter with a lower number of switches. 
Besides purely the number of switches, circuit topology can be an important factor. If 
the freewheel diodes are in parallel to the switches they can easily be placed within 
the same package and hence reduce component count. This is the case with both 
sinusoidal operation (H bridge) as well as sinusoidal star connected operation (three 
phase bridge). Total cost of the power devices is not generally reduced, but there 
would be indirect saving due to the fact that the physical layout would be much 
smaller e. g. PCB material, insulating washers, heatsink mounting area and assembly 
cost. A further advantage of star connected operation is that standard three phase 
bridge modules could be used. 
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* Total inverter loss. This is important for selecting the heatsink size and hence its 
cost. Take, for example, a situation where two different drives have the peak 
instantaneous loss per device and indeed the same peak current and voltage. The 
same size device is then selected for both drives on the basis of the same heatsink 
temperature. However in one drive two phases may be conducting at a time, and in 
the other only one phase. The same size device can be selected but one has twice the 
total inverter loss. This drive will therefore need twice the heatsink rating, which 
will cost more and take up more space. 
The following two sections detail the comparisons using the two basic techniques 
described above. It should also be noted that the results were obtained from the accurate 
dynamic simulation of machine and controller. Many papers such as the ones referenced 
above make the comparisons on the basis of simple linear or quasi-linear models of the 
motor which inevitably cannot be such an accurate reflection of true life conditions. 
6.2.3.1 Peak VA Comparisons 
The following table summarises the inverter rating for different machines and excitation 
methods on the basis of peak current and volts. This assessment is made after the 
matching of the torque-speed characteristics previously described and which involves a 
change in the number of turns per phase and the current demand. The last column in the 
table 'Rel. size' is the ratio of the inverter rating for each case compared to the short 
pitched winding machine. 
On this basis the fully pitched winding machine with unipolar excitation requires the 
same size inverter as the short pitched winding machine. All the bipolar methods, 
however, need a very large inverter in comparison. Sinusoidal operation with an H 
bridge needs a particularly large inverter due to the high peak current of the sinusoidal 
shape, combined with the fact that high speed performance is not good. The latter leads 
to the number of turns being reduced to improve performance, which makes peak 
current worse again. Sinusoidal star operation on the other hand fairs relatively well 
overall - the torque-speed performance is very poor, meaning that the number of turns 
and current demand has to be altered substantially, but this is more than compensated by 
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the fact that only six switches are required, compared to the 12 that bipolar squarewave 
and sinusoidal require. 
Machine Excitation No. of Current Peak Device Inverter Rel. 
Type Method Devices Demand Volts kVA Rating Size 
(pk, A) (V) (kVA/kW) 
Fully pitched Unipolar 6 9.4 580 0.545 12.85 1 
winding 
Fully pitched Bipolar 12 8.3 580 0.481 22.70 1.77 
winding Squarewave 
Fully pitched 
Sinusoidal 12 12.8 580 0.742 35.01 2.72 
winding 
Fully pitched Sinusoidal 6 17.5 580 1.015 23.93 1.86 
winding star 
Short pitched Unipolar 6 9.4 580 0.545 12.85 1 
winding 
Table. 6.3 Inverter rating based on peak volts and current (for output power of 2545W at 
1350rpm with Vd, =58OV). 
6.2.3.2 Device Loss Comparisons 
Total inverter losses are shown in Figure 6.9. These relate directly to the matched 
torque-speed curves of Figure 6.4. Losses are based on a model of the IRGBC50KD2 
device which combines a 1200V IGBT with an ultra fast recovery epitaxial diode 
(FRED). Losses include conduction losses in the IGBT and diode, in addition to 
switching losses in the IGBT, which is based on a switching frequency of I OkHz (the 
calculation method used by the simulation is described in Section 3.4.2 of Chapter 3). 
Tables 6.4 and 6.5 give a more detailed breakdown of where the losses are occurring at 
low speed (I OOrpm) and base speed (13 5 Orpm) respectively. 
133 
Chapter 6- PERFORMANCE COMPARISONS 
250 ---- -------- - ---- -- -- - ---- Unipolar 
Bipolar Squarewaveý 
Sinusoidal 
200 ------ ------- ------- ------ ------- ------- Sinusoidal Star 
x Short Pitched 
150 -------- ----- ------ ------- ----- ------------ - ---- -------- ---------- I -------- ------- I ------- --------- 
100 t -------------- j -------- L --------------- I ---- -- ------------------------ 1ý -------- _- --I ------- ; --- --- ------------ 
----- ---------------- - 50 ------- I ----------------- --------------------------------------- ------ 
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 
Speed (rpm) 
Figure 6.9 Simulated total inverter losses for different machines and excitation methods. 
Machine Excitation No. Trans. Trans. Diode Total Rel. 
Type Method of Conduction Switch Conduction Inverter Size 
Dev- Loss Loss Loss Loss 
ices (Av., W) (Av., W) (Av., W) (Av., W) 
FP 
Unipolar 6 6.4 13.2 5.9 153 2.07 
winding 
FP Bipolar 
12 3.8 8.3 3.6 188 2.54 
winding squarewave 
FP 
Sinusoidal 12 4.2 8.8 4.1 205 2.77 
winding 
FP Sinusoidal 
6 6.8 12.2 6.4 152 2.05 
winding star 
SP 
Unipolar 6 3.4 6.4 2.6 74 1 
winding 
Table 6.4 Breakdown of device losses at lOOrPM (simulated). SP=short pitched, FP=fully 
pitched. 
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Machine Excitation No. Trans. Trans. Diode Total Rel. 
Type Method of Conduction Switch Conduction Inverter Size 
Dev- Loss Loss Loss Loss 
ices (Av., W) (Av., W) (Av., W) (Av., W) 
FP 
Unipolar 6 6.8 6.9 3.8 105 1.91 
winding 
FP Bipolar 
12 3.3 4.9 2.1 123 2.24 
winding squarewave 
FP 
Sinusoidal 12 3.9 4.7 2.7 136 2.47 
winding 
FP Sinusoidal 
6 6.1 4.9 3 84 1.53 
winding star 
SP 
Unipolar 6 5.1 2.5 1.7 55 1 
winding 
Table 6.5 Breakdown of device losses at 1350rpm (simulated). SP = short pitched winding, FP 
= fully pitched winding. 
Some of these results clearly contrast with the comparisons made on the basis of peak 
VA rating, due to variations in the period that each device conducts during an electrical 
cycle. Unipolar excitation of the fully pitched winding machine has approximately twice 
the device and total inverter loss compared to the short pitched winding machine 
throughout the speed range. This contrasts with the peak VA comparison which 
indicates both inverter sizes are the same. This is due to the fact that once the torque- 
speed curves have been matched both machines have the same current demand. The 
conduction period in the fully pitched winding machine, though, is twice that of the 
short pitched winding machine at 240', thereby doubling the average device losses. 
It is a similar situation with bipolar squarewave operation, which shows an increase of 
approximately 50% in the relative inverter size between the two methods of comparison. 
This is explained by the fact that in a bipolar waveform the device conduction period is 
1800, which is 50% larger than the 1200 conduction period in the short pitched winding 
machine. 
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The inverter size with both sinusoidal excitation methods hardly increases at all between 
the two methods of determining inverter size. This is explained by the fact that one half 
of a sinusoid (180' conduction period) is very similar in area to a squarewave of 120' 
conduction period with the same height, as shown in Figure 6.10. There is, therefore, 
only a relatively small increase with this inverter rating method, compared to the short 
pitched winding machine. 
---------- - -------- --------- --------- I ---- ----- - ------- 
0 
0 30 60 90 120 150 180 210 240 270 300 330 360 
Figure 6.10 Comparison of area of a 120' squarewave and half of a sinusoid 
Notice that sinusoidal star connected is the best of the bipolar waveforms - as explained 
in the previous method of comparison, current demand needs to be high due to the poor 
high speed performance, but only 6 switches are required. An added advantage is that 
these switches are connected in the three phase bridge topology used with all other types 
of AC machine such as the induction motor. The advantage over the asymmetric half 
bridge is that the diodes are in parallel to the switches, resulting in only 6 discrete 
packages being required compared to 12. 
Note that the relative inverter sizes compared to the short pitched winding machine, all 
reduce between Table 6.4 and Table 6.5. This is thought to be due to the increasing 
conduction period with speed in the short pitched winding machine i. e. greater than 120" 
conduction. The simulation search routine was set to find the optimum on and off angles 
for maximum average torque at each speed. At low speed, however, the conduction 
period is not allowed to exceed 120', which maximises torque per unit copper loss in 
this machine and hence gives it its best torque per unit copper loss figure to compare to 
the ftilly pitched winding machine. At higher speed the conduction angle is allowed to 
increase up to a maximum value of 180'. This maximises torque output at higher speed 
for a given current demand and hence minimises the inverter peak VA rating. Inverter 
losses, on the other hand, do increase as a result. 
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6.2.3.3 Inverter Rating Summary 
The above figures can now be used to 'cost' the inverter for each case depending on the 
application conditions. 
Motor Stall Condition - If the worst case junction temperature occurs in a motor stall 
situation then device size can be based on the 'Rel. Size' column of Table 6.3. This is 
because the inverter must be rated for the peak current condition which the motor may 
stall at. The cost of the driver circuits can be based on the number of devices listed in 
the same table. Heatsink size, however, needs to be based on the total inverter loss, not 
just the loss in one device, therefore the 'Rel. size' column of Table 6.4 should be used 
instead. So for example if Unipolar operation of the fully pitched winding machine is 
compared to the short pitched winding machine then the same size devices are needed, 
but the heatsink needs to be twice the size. 
High Speed Condition - This is the speed at which the silicon junction temperature is 
virtually stable across the electrical cycle, in other words the speed at which the thermal 
time constant of the device is much larger than one electrical cycle in the machine. It is 
only the average losses that need to be considered, so Table 6.5 can be used to assess the 
cost and size of the devices, drive circuits and heatsink. 
Low Speed condition - This is the situation where the rotor is turning but the silicon 
temperature varies considerably across the electrical cycle. Peak current as well as 
average device losses are important. The relative inverter size and cost will be 
somewhere in between the figures given in Table 6.3 and 6.4. Heatsink size will still be 
based on the average losses i. e. Table 6.4. 
Section 6.3 of this chapter now compares machine performance. Section 6.4 will 
summarise inverter rating and machine performance tradeoffs. 
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6.3 Machine Performance Comparison 
6.3.1 Copper Loss Comparisons 
Test Rig Results 
Copper loss is measured on the test rig by the DSP controller. This continuously samples 
the phase currents and calculates copper loss using the measured DC phase resistance 
value of 1.825CI (measured at 22'C). As with all measurements made by the DSP, 
values are measured over 10 electrical cycles to ensure a stable reading. 
Measured copper losses for the prototype fully pitched winding machine are shown in 
Figure 6.11, and these correspond directly with the torque results shown in Figure 6.1. 
Note that these were produced with a fixed current demand across the speed range and 
are therefore not necessarily representative of rated machine torque against speed. 
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Figure 6.11 Copper losses for the torque shown in Figure 6.1 as measured by the DSP. 
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Comparisons of torque per unit copper loss between the different excitation methods can 
now be made at low speed where the torque output is the same. Direct comparisons 
cannot, however, be made at higher speed as torque output is not the same. This is 
because in an SR motor torque per unit copper loss is not constant with torque, due to 
the varying amount of saturation in the magnetic circuit. 
Simulation Results 
The advantage of using simulation is that the torque-speed curves can be matched by 
adjusting the number of phase turns and the current demand. Figure 6.4 showed torque 
matched as closely as possible up to base speed. The associated copper losses for these 
results are shown in Figure 6.12. Figure 6.13 shows these results in terms of torque per 
unit copper loss against speed. 
The use of the simulation is justified because excellent correlation has been 
demonstrated between the simulated and measured waveforms, particularly at speeds at 
or below base speed (see Chapter 5). In addition, the measured phase resistance value of 
the prototype machine was used (1.8250, measured at 22'C). As a crosscheck, 
simulated and measured copper losses can be compared at low speed and they show 
good agreement. 
Results are also shown for the short pitched winding machine with the same stack. It is 
necessary to estimate phase winding resistance, as this machine was never actually 
constructed. Equations 4.6 to 4.9 in Chapter 4 are used to calculated a figure of 
4.720 (calculated using twice the number of turns of the fully pitched winding machine 
which are necessary to match the torque-speed curves). 
Note that, using essentially the same method, the estimated phase resistance of the fully 
pitched winding machine is only 1.725(l i. e. the measured value is 5.8% higher than the 
calculated. This is because the machine was unfortunately wound with longer than 
necessary endwindings. The results shown for the fully pitched winding machine are 
therefore pessimistic. Tabulated results of the above are shown in Tables 6.6 and 6.7 at 
I OOrpm and 13 5 Orpm respectively . 
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Figure 6.12 Simulated copper losses for the torque shown in Figure 6.4. 
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Figure 6.13 Simulated torque per unit copper loss for the torque shown in Figure 6.4. 
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The 'relative performance' column in the first table corresponds to the relative increase 
in torque per unit copper loss compared to the short pitched winding machine at low 
speed. Machine efficiencies can be compared at base speed in Table 6.7, but note that 
these figures are based purely on copper loss and therefore do not include iron loss, 
windage and friction. 
Machine 
Type 
Excitation Method Torque 
(Nm) 
Copper 
Loss 
(W) 
Torque per 
Unit Copper 
Loss 
(mNm/W) 
Relative 
Perform- 
ance 
FP winding Unipolar 27.6 311 88.8 1.31 
FP winding Bipolar squarewave 27.8 264 105.2 1.56 
FP winding Sinusoidal 27.2 290 93.8 1.39 
FP winding Sinusoidal star 27.9 301 92.7 1.37 
SP winding Unipolar 26.9 398 67.6 1 
Table 6.6 Comparison of copper loss at I OOrpm. 
Machine Excitation Torque Copper Torque per Relative Machine 
Type Method (Nm) Loss Unit Copper Perform- Efficiency 
(W) Loss ance N 
(mNm/W) 
FP winding Unipolar 18.1 235 76.9 1.46 91.6 
Bipolar 
FP winding 17.8 175 101.3 1.93 93.5 
squarewave 
FP winding Sinusoidal 18.4 215 85.7 1.63 92.4 
Sinusoidal 1.82 93.1 
FP winding 18.1 189 95.7 
star 
P winding Unipolar 18.1 345 52.5 1 88.1 
Table 6.7 Machine efficiencies at base speed. Iron loss, windage and ftiction not included. 
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6.3.2 Rated Torque Vs Speed with Naturally Vented Cooling 
Continuous torque rating tests were performed for unipolar excitation and bipolar 
squarewave excitation over the speed range. Torque was varied at each speed point by 
adjusting the current demand and re-optimising the advance and conduction angles, until 
the correct temperature rise in the windings was obtained. Motor cooling was only aided 
by the standard plastic fan supplied with the induction motor frame. Thermocouples 
were placed in the machine at various positions to monitor spot temperatures. The 
positions were as follows: 
* Endwinding (in the centre of the winding, as it emerges from the slot). 
9 Slot (between the winding and the slot sleeving, approximately 50mm axially into 
the slot). 
9 Core back (at the base of a stator tooth). 
9 Case. 
Motor temperature rise tests are normally based on an average winding temperature rise, 
as opposed to the rise of the hottest point on the winding. This is because temperature 
rise is normally determined by the change in the winding resistance, and hence it can 
only measure an average rise. On this test rig it was more convenient to use the 
thermocouples to measure the temperature rise as they could be used to easily 
continuously monitor the temperatures across the machine. A test therefore needed to be 
performed to ascertain the best way to calculate the average temperature rise from the 
spot readings. A DC current was passed through all three phases and the average 
temperature rise was monitored with measurements of voltage and current across the 
phases. It was found that the average temperature of the thermocouples at the first two 
positions correlated exactly with the value calculated from the change in resistance i. e. 
measurements in the endwinding and the outside of the winding in the slot. Following 
this test the average winding temperature rise was determined by these two 
thermocouple readings. 
Temperature rise readings were taken with the machine having been run for several 
hours to make sure the machine had reached its steady state thermally. The thermal time 
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constant of the machine was measured in the stalled condition to be 40 minutes, with the 
temperatures reaching their final values after 5 hours. Figure 6.14 shows the continuous 
torque achievable in this machine for unipolar and bipolar operation with a 100'C 
average winding temperature rise (a figure commonly adopted for SRM ratings). 
Simulated curves for the equivalent short pitched winding machine are also shown for 
comparison. Two curves are shown - one has its conduction angle rising from 120' at 
low speed towards 180' at high speed, as with the previous comparisons. The other has 
120' conduction throughout the speed range for maximum efficiency. 
Torque is calculated at each speed for the same copper loss as unipolar operation of the 
fully pitched winding machine. The assumption, therefore, is that the short pitched 
machine has the same iron loss as unipolar operation. This assumption should be a good 
one, as the equivalent single tooth flux waveforms are very similar - compare Figure 5.2 
(Chapter 5) and Figure 6.5. 
The results in Figure 6.14 show that bipolar squarewave operation is able to produce 
25.7Nm, compared to 23.3Nm for unipolar operation at base speed (1350rpm). The 
simulated values for the short pitched winding machine are 19.2Nm and 16.7Nm, 
depending on the conduction angle used. Unipolar operation therefore produces 21% 
more torque than the most efficient operation of the short pitched machine at base speed, 
and bipolar squarewave produces 33.9% more. 
These results are useful for comparing bipolar and unipolar operation as the effect of 
iron loss is included. Figure 6.15 shows the copper loss for the torques in Figure 6.14. 
At low speeds where iron loss is relatively low, both unipolar and bipolar squarewave 
are able to dissipate the same copper loss. At higher speeds, however, bipolar 
squarewave cannot dissipate as much copper loss, and this would suggest that its iron 
loss is relatively greater. 
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Figure 6.14 Continuous torque for IOOT average temperature rise. Curves for short pitched are 
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Figure 6.15 Copper loss for the torque shown in Figure 6.14. 
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A typical induction motor in the same frame size produces AW at 1500rprn i. e. 19. INm 
of torque. This prototype fully pitched wound SR motor fares well with this figure. 
There are several factors, however, that would improve the torque rating of the 
prototype machine further: 
a Winding resistance is higher than the theoretical value (1.8250 compared to 
1.7250). The prototype machine was wound with unnecessarily long endwindings, 
which produce no extra torque but do increase copper loss. There is nothing to 
suggest that the theoretical resistance value cannot be achieved in practice. 
* Thermal conductivity between the winding and the frame is poor. The thermocouple 
readings are shown in Table 6.8 for various different positions and speeds. These 
show there is a significant temperature gradient between the laminations and the 
outside of the winding in the slot. In fact, over half the temperature rise between the 
case and the winding is attributed to this section. The main reason for this is thought 
to be poor contact between the winding and the slot, and gaps of around I mm were 
observed between the winding and the slot in the areas visible at the end of the stack. 
The effect of lower thermal conductivity is lower heat dissipation and hence lower 
rated torque. 
* Fill factor is relatively low at 40%. More turns could be used which would result in 
lower losses for a given torque output. A secondary effect would be that the thermal 
contact between the winding and the stator would be improved. 
Speed Tamb Tcase Tiron Tslot Tendwdg Trise 
150 23 72 90 118 126 99 
450 23 57 79 117 127 99 
750 23 51 75 117 128 99 
1150 23 44 69 115 128 99 
1350 23 43 68 116 129 99 
1500 23 42 67 115 129 99 
Table 6.8 Thermocouple temperatures with unipolar operation and a 99' C average rise. 
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6.3.3 Torque Per Unit Copper Loss Vs Torque 
In an ideal SR motor, torque is proportional to the square of the phase current. Copper 
loss is also proportional to the square of the phase current - it therefore follows that a 
given machine has a constant torque per unit copper loss. However, in a real machine 
the magnetic circuit becomes increasingly saturated with rising MMF levels. Torque per 
unit copper loss, then, becomes a function of torque itself. Figure 6.16 shows simulated 
results of torque against loss at low speed (100rpm) i. e. under good current control. 
Figure 6.17 shows the same figures but in terms of torque per unit copper loss against 
torque. Finally in Figure 6.18 torque per unit copper loss is shown normalised to the 
short pitched winding machine for ease of comparison. 
It can be seen that in each case torque per unit copper loss falls with increasing torque 
output, and this is due to the increasing saturation in the magnetic circuit. It is, however, 
notable that the fully pitched winding machines with bipolar currents have a greater 
dependency on torque output than those machines with unipolar currents. The difference 
is that with bipolar currents some negative torque is always produced at certain positions 
in each stator pole (see sections 5.3 and 5.4 in Chapter 5). This is counteracted by a 
large amount of positive torque at other positions, but as the machine saturates it is the 
positive component of the torque that is affected first. The positive torque component is 
therefore reduced in comparison to the negative torque component, thereby reducing 
torque per unit copper loss. 
It is interesting to see how torque per unit copper loss varies with torque for a number of 
reasons: 
o Many motor driven systems run at very light loads for significant amounts of time. 
One of the major advantages of a variable speed drives is significant amounts of 
energy are saved under these conditions. It can be seen from Figure 6.18 that the fully 
pitched winding machine with bipolar type currents (bipolar squarewave and 
sinusoidal) fare especially well under these conditions. 
At low speed the amount of loss that a motor can dissipate is very limited if it is only 
cooled by the rotor mounted fan. The continuous low speed and stall torque of the 
machine will be determined by this loss together with the efficiency of the machine at 
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this speed. The previous section showed that with this cooling arrangement the 
prototype machine can dissipate approximately 160W of copper loss at 100rpm (see 
Figure 6.15). Figure 6.16 can be used to estimate rated torque for each machine under 
these conditions. It is notable that bipolar squarewave is Particularly good under these 
conditions with a rated torque value of 20.8Nm compared to 14.5Nm for the short 
pitched winding machine (a gain of 43%). Values for unipolar and sinusoidal 
operation are 17.5Nm and 18.5Nm respectively (gains of 20.7% and 27.6%). 
Water cooled motors are able to dissipate much larger amounts of loss, hence these 
curves can be used to illustrate the relative differences at much higher levels of 
torque output. Figure 6.18 shows that throughout the range of torque outputs, 
unipolar excitation with the fully pitched machine maintains a constant advantage of 
a 28% increase in torque per unit copper loss for a given torque. Bipolar squarewave 
and sinusoidal operation generally have even higher torque per unit copper loss, but 
the difference does reduce with increasing torque output. Above 60OW and 40Nm, 
sinusoidal operation in fact has lower torque per unit copper loss than unipolar 
operation. 
Note that these values are pessimistic as they are based on the measured phase resistance 
of the ftilly pitched machine, which has been stated to be higher than it could have been. 
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Figure 6.16 Simulated results of torque against copper loss (100 rpm, Vdc ý 580V)- 
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Figure 6.17 Simulated results of torque per unit copper loss against torque (100 rpm , V& 
580V). 
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Figure 6.18 Simulated results of normalised torque per unit copper loss against torque, relative 
to the short pitched winding machine (100 rpm, Vd, = 580V). 
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6.4 Inverter Rating and Torque Per Unit Copper Loss 
Tradeoffs 
The fully pitched winding machine, with its various methods of excitation, has been 
shown to exhibit higher torque per unit copper loss under a variety of different 
conditions. Section 6.2 has shown that this gain in motor performance is in almost all 
cases only achieved with a larger inverter VA rating. The exact nature of each individual 
application will determine the relative importance of inverter size and machine 
efficiency. It will also determine whether inverter loss or peak VA is the most 
appropriate method of assessing inverter size. 
Figure 6.19 summarises these tradeoffs with the motor operating at low speed. The 
inverter size and torque per unit copper loss figures are normalised against the short 
pitched winding machine for ease of comparison. For each excitation method, two 
points are plotted - one for inverter size based on peak VA, the other based on inverter 
losses. Figure 6.20 shows values based on operation at base speed (the only difference 
between the two graphs is that torque per unit copper loss changes with speed). Note 
that these graphs are based on values taken from Figure 6.13 and Tables 6.3 to 6.6 Le 
torque output is approximately 27Nm at low speed and 18Nm at base speed. 
3.0 
0 Peak VA 
2.5 AInverterlosses 
I- 
V 
4. ) 
2.0 , 
Sinusoidal Bipolar 
Squarewave 
Unipolar 
1.5 Short Pitched 
Machine Sinusoidal Star 
0.5 
0.0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Relative torque per unit loss at low speed (100rpm) 
Figure 6.19 Relative inverter size versus relative torque per unit copper loss at low speed. 
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Figure 6.20 Relative inverter size versus relative torque per unit copper loss at base speed. 
6.5 Torque Ripple 
Figure 6.21 shows the torque ripple associated with the matched torque-speed curves 
shown in Figure 6.4. These can all be explained from the simulated waveforms shown in 
Chapter 5. These show the equivalent single tooth current which is used to calculate the 
torque produced by each pole of the machine, and which consequently contributes to 
total torque produced. 
In general torque ripple with this machine is relatively low for a three phase SRM. 
Chapter 9 will show results with a standard Allen West D132 frame SRM where torque 
ripple with 1200 unipolar currents at low speed was nearly 100% (pk-pk/av). This 
improvement is due to the broader and flatter torque against angle characteristic, which 
is a feature of this particular machine. 
At low speed unipolar operation of the fully pitched winding machine has the same 
torque ripple as the short pitched winding machine. This is to be expected as unipolar 
operation produces equivalent single tooth currents with 1200 conduction periods. 
Torque ripple for the short pitched winding reduces as speed rises in this case because 
the conduction angle is allowed to rise beyond 120" (see Figure 6.3 - the exact value 
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depends on where the search routine finds the maximum average torque). This is a 
flexibility that the ftilly pitched winding machine does not have. It is therefore important 
that the shape of the torque versus angle curves for fixed currents is as flat as possible 
over this 1200 range. This has been attempted here with the use of tangs. 
140 -- -- ---------- 
0 Unipolar 
120 ------------- ---------------------- ------------------------ Bipolar Squarewave 
Sinusoidal 
100 -------- Sinusoidal Star - ---- -------- 
> Ct-+ D; +-t-A 
-------------------------------- ----------------- 80 
At 
60 
ý 00 lb ýE ý 
ý m--43 --4. -- 
---- 
------ 
40 - ------ ------ ------- ------ ---------------- --------------- ------ --------------- ---------- --- ------- 
20 ------ --------------- --------------- ------- ------ ------- ------- 
......... ........................... 
0 
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 
Speed (rpm) 
Figure 6.21 Torque ripple for the torque results shown in Figure 6.4. 
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6.6 Controfler Requirements 
The bandwidth requirement of a controller is an important consideration in the design of 
any electric drive. In a digitally controlled system this determines current sampling rate 
and current control loop processing speed. 
Control of Short Pitched Winding SR Motors 
The particular difficulty normally associated with controlling SRMs is their highly 
changing phase inductance with position and current (due to saturation). This means a 
PID controller can only be tuned up to its optimal level at one point i. e. its point of 
lowest inductance. The measured machine flux linkage characteristics are shown in 
Appendix A, with the inductance being the gradient of the curve at any particular point. 
The point of lowest inductance depends on how far the machine is into saturation. At 
low saturation levels this is the unaligned position, but at higher N4MFs it is the aligned 
position. These areas will become unstable first if the controller gains are set too high. 
Figure 6.22 demonstrates this. Here, proportional gain only is used, set at a level that the 
control loop has just become unstable and oscillations in the current are occurring. It 
should be noted that the simulation plots the current every electrical degree, and 
therefore at this speed the waveform shown suffers from an aliasing effect. The machine 
here is highly saturated and the current becomes unstable near the aligned position. 
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Figure 6.22 Simulation of phase current in short pitched machine at twice rated current. 
Control ofFully Pitched SRMs 
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In the three phase fully pitched winding machine phase inductance is nearly constant 
with position. Controller stability is now determined by the very strong mutual coupling 
between phases. The action of each independent phase controller now affects not only 
the current in its own phase, but also affects the current in the other two phases as well. 
Simulation was used to assess the relative stability of the same digital controller used on 
both types of machine. Its specification is as follows, and is designed to be as similar as 
possible to the one used in the test rig itself - lOkHz PWM frequency, lOkHz current 
control loop, current sampling 20ps before voltage reference implementation in the 
PWM controller. Details of this scheme are discussed in more detail in Appendix C. 
Proportional gain only is used, and the value of this gain before the onset of instability 
was determined. It was found that the gain for the short pitched winding machine could 
be set 2.5 times higher than the fully pitched winding machine. Clearly the interaction 
between each phase current controller due to the mutual coupling has a significant 
effect. 
Two factors are predominant in determining the relative stability of a digital current 
controller - sampling rate and control lag. Sampling rate refers to the frequency at which 
currents are sampled and the PWM voltage reference is recalculated. Controller lag 
refers to the time between current samples and the updating of the voltage reference 
signal in the PWM controller. Simulation work showed the relative importance of each. 
Increasing the sampling rate by a factor of five resulted in proportional gain being able 
to rise by a factor of 2.5. Reducing controller lag by moving the current sampling point 
from 100ps before PWM update to 20ps before, resulted in the gain being able to rise by 
a factor 4. 
In theory both methods would involve a faster microprocessor to implement the code in 
a shorter available amount of time. In practice, however, moving the current sampling 
point closer to the PWM update point did not require more processing power. The order 
in which the code is executed was simply changed, leaving the code that actually 
required knowledge of the current until last. This method was used in the test rig and the 
increase in the maximum allowable proportional gain was confkmed. 
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This method of reducing lag maximises the bandwidth of the controller on the test rig to 
give good current control. It is, however, equally applicable to both the short pitched 
and fully pitched winding machines. The short pitched winding machine is still able to 
achieve better current control with the control system as it is naturally more stable. It 
therefore follows that to achieve the same level of current controllability the fully 
pitched winding machine requires faster current sampling and a faster current control 
loop i. e. extra cost. 
One possible approach to improve the situation is to control the equivalent single tooth 
currents instead. These equivalent currents are decoupled and therefore do not suffer 
from the problem described above. A fully pitched drive control using these currents 
was reported by Barrass [6.5] and was mostly successful in achieving the decoupling. 
This involves converting the desired fully pitched currents into equivalent single tooth 
current demands. The same was done with the actual sampled phase currents and so 
equivalent single tooth voltage references are produced from the controller. These are 
then converted back into fully pitched winding voltage references and passed to the 
PWM output. Problems, however, were encountered when the PWM voltage reference 
saturated. When this happened, two or more of the equivalent single tooth voltage 
references were affected, resulting in controller decoupling not being achieved. A 
further effect is that the level of voltage reference saturation in the equivalent single 
tooth sense becomes variable, making integral anti-windup control difficult to achieve. 
Current control stability will be addressed again in Chapter 8 where a completely 
different inverter is used. This enables control of all three phases from only one sample 
current, and will therefore show that instability problems are significantly reduced. 
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6.7 Summary 
Measured results from the test rig have shown the differences in torque-speed curves for 
unipolar, bipolar squarewave, sinusoidal and sinusoidal star connected operation. 
Current demand was selected in each case to give the same low speed torque, and that 
current demand was then maintained throughout the speed range. 
Simulated waveforms were useful in explaining the differences between each excitation 
method. Bipolar squarewave and unipolar operation have quite similar torque-speed 
curves, despite having completely different current waveshapes, which produce torque 
in the machine in fundamentally different ways. At any one time unipolar operation 
produces torque in the period of rising mutual inductance between two phases. Bipolar 
squarewave uses both rising and falling mutual inductance between all three phases. In 
terms of the rate of change of flux linkage at high speed to maintain the desired current 
waveform, however, bipolar squarewave requires slightly more and hence the number of 
turns need to be reduced to 0.88 that of unipolar (with a corresponding rise in the current 
demand). Sinusoidal operation should be similar to bipolar squarewave, however torque 
falls away much more rapidly with speed. Comparisons of the phase currents and 
current demands show that bipolar squarewave is able to produce more torque purely 
due to the fast change in the demand from positive to negative, and visa versa. This 
forces as much current into the machine as possible at the critical time during phase 
commutation. Sinusoidal operation on the other hand has a very slowly changing 
demand which means that the current controller does not apply full volts during 
commutation i. e. it current chops and hence cannot produce so much torque at high 
speed. 
Compared to the short pitched winding machine, unipolar excitation is very similar in 
terms of its equivalent per tooth waveforms i. e. flux linkage, current and torque. 
However phase flux linkage of the fully pitched winding machine is quite different. This 
has been shown to go negative while a phase is off. This is necessary to maintain the 
current in that phase at zero, while the other phases, that are mutually coupled to it, are 
conducting. The overall effect is that, for the same NWF, unipolar operation of the fully 
pitched winding machine only requires half the current demand, but the flux linkage 
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excursion is double. This explains why unipolar operation with half the number of phase 
turns and the same current demand produced the same torque-speed curve in both 
machines. 
To enable meaningful comparisons of inverter rating and machine performance the 
torque-speed curves were matched at two points - low speed and base speed. This was 
achieved by adjustment of the number of phase turns and current demand. The number 
of turns and the current demands to do this have been shown. 
Two methods of calculating inverter size were used - peak VA rating and inverter 
losses. Both methods were used as the relevance of each changes with each application, 
particularly the need for low speed operation. Inverter losses are in all cases higher in 
the fully pitched winding machine and this is mainly due to the longer conduction 
periods compared to the short pitched winding machine. Additionally, in the case of 
bipolar type currents (bipolar squarewave, sinusoidal and sinusoidal star), either current 
demand or the number of power electronic switches is higher. Inverter size rating in 
terms of peak VA and inverter losses produce broadly similar results with the notable 
exception of unipolar operation. Here the same current demand is required as the short 
pitched winding machine, and therefore the same peak VA inverter is required. Under 
motor stall conditions, the same device losses are produced. Once the machine rotates, 
however, twice the average device losses are produced as the phase conduction period is 
twice as long. 
Both measured results from the test rig and simulation work have been used to show the 
performance of the fully pitched winding machine with each excitation method. Results 
were taken in a variety of ways: 
Torque per unit copper loss up to base speed with a fixed current demand. With 
T=27Nm at low speed the fully pitched winding machine had between 1.31 and 1.56 
times the torque per unit copper loss of the short pitched winding machine, 
depending on excitation method. At base speed and with T=18Nm the figures are 
between 1.46 and 1.93 times the torque per unit copper loss. 
Torque per unit copper loss against torque output (at low speed only). Torque per 
unit copper loss varied with torque due to saturation. There was a larger effect with 
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bipolar currents in the fully pitched winding machine. With T=IONm for example 
bipolar squarewave has 1.68 times the torque per unit copper loss as the short pitched 
winding machine. This figure drops to 1.37 with T=60Nm. Unipolar operation 
showed a constant 1.28 times the torque per unit copper loss over the whole torque 
range. Sinusoidal operation actually becomes less efficient than unipolar at a torque 
of 40Nm. 
Rated machine torque over the speed range (i. e. for a fixed loss at each speed). Rated 
torque for unipolar and bipolar squarewave was measured at various speeds. 
Simulated results for the short pitched winding machine were also shown, and these 
were based on the same copper losses as unipolar operation of the fully pitched 
winding machine. At base speed bipolar squarewave is able to output 25.7Nm of 
torque. This compares to 19.18Nm with the most efficient operation of the short 
pitched winding machine i. e. with 120' conduction angle. Unipolar is able to output 
23.3Nm. These figures correspond to a 33.9% and a 21% increase in torque 
respectively. At low speed bipolar squarewave is able to output 40% more torque. 
This further increase is because at low speed cooling is low, hence torque outputs are 
lower. Bipolar operation has been shown to be even more efficient at lower torque 
outputs. 
Further increases in torque are thought possible with the fully pitched machine due to a 
number of factors - phase resistance was higher than the theoretical value, fill factor 
was low at 40% and the thermal conductivity between the winding and the frame 
appeared to be poor. 
Torque ripple results have shown that at low speed the fully pitched winding machine 
has very similar values to the short pitched winding machine with 1200 conduction. At 
higher speeds, though, the short pitched machine has lower torque ripple, mainly due to 
the fact that the conduction angle can increase beyond 120' i. e. overlapping phases. The 
prototype machine, however, had in all cases relatively good torque. ripple, and this is 
thought to be due to the use of tangs at the tip of the stator teeth. 
Current controller stability has been assessed, and it has been found that the fully 
pitched winding machine is relatively less stable. This due to the mutually coupled 
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phases, which results in disturbances being introduced on one phase by the switching 
action of the other two phases. 
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Chapter 7- CURRENT PROFILING TECHNIQUES TO 
IMPROVE MACHINE PERFORMANCE 
7.1 Introduction 
Current control discussed in previous chapters is relatively simple in terms of current 
demand shape. Phase current is either controlled to a fixed desired value or is turned off, 
depending on rotor position. This keeps control simple and generally gives good 
performance in terms of torque output, machine loss, and power electronic rating. It can 
also reduce hardware requirements, as rotor position sensing can be of very low 
resolution, due to the fact that only the commutation points need to be determined. 
It is well known, however, that profiling the currents to some other waveshape can 
improve machine performance, normally at the expense of controller and hardware 
complexity. Many methods have been proposed to do this, for example Ilic'-Spong et al 
[7.1], and Taylor [7.2]. Work by Reay et al [7.3] and Reay et al [7.4] proposed use of 
neural networks to determine phase current shape. Initial training of the system is 
achieved by feeding back measured torque so that current shape is adjusted to achieve a 
smooth torque output. The majority of methods, however, only consider low speed 
operation as ideal current control is assumed. 
Work by Barrass [7.5,7.6] has shown techniques that are also applicable to the fully 
pitched winding machine and goes further to take high speed operation into account. 
This was achieved by using flux linkage rather than current as the controlled parameter, 
which ensured that the inverter was always capable of forcing the required current into 
the machine. The flux linkage profile was defined by four regions of linearly rising flux 
ramps. It was found that there were many possible combinations of flux shape possible, 
and so a genetic algorithm was developed to optimise the ramps. Only unipolar 
operation of the machine was considered, and results showed good performance at both 
low and high speeds. 
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This chapter presents a novel search method to optimisc performance in the fully pitched 
winding machine. It is empirical in nature, which is of benefit in this type of machine 
with its many potential excitation methods. It will be shown that the same search routine 
can be set to achieve one of two parameters to be optimised - profiles to achieve smooth 
torque with lowest rms current, and profiles to maximise torque per unit copper loss 
regardless of torque ripple. 
As with the work by Barrass, optimisations can also be achieved at high speed by 
working with flux linkage rather than current. The technique is relatively fast, so that 
complete sets of profiled current or flux linkage waveforms can be built up for a range 
of torque outputs over the entire torque-speed envelope of the machine. 
Both unipolar and bipolar basic modes of operation could be considered, however the 
work concentrated on optimising bipolar for two reasons. Chapter 6 showed that bipolar 
operation is the most efficient with square shaped currents, therefore the results from 
this optimisation should show the best that can possibly be achieved in the fully pitched 
winding machine. Additionally, torque production at high speed has been shown to fall 
off more rapidly with bipolar operation compared to unipolar operation of both the fully 
pitched and short pitched winding machines. As this optimisation technique can be used 
at high speed, an improvement in this situation may be possible. 
The profiled currents for bipolar operation will assume use of an H bridge inverter on 
each of the three phases of the machine. Work was also carried out to establish whether 
an improvement of bipolar operation with a delta connected machine is possible. Bipolar 
operation with delta connected windings will be shown to be very poor, especially at 
low speed, so there is significant room for improvement. It will be shown that the search 
method can be adapted for use with the delta circuit, and the results will be presented. 
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7.2 Optimisation Methods 
7.2.1 Maximum Mean Torque per Unit Copper Loss 
The method chosen to solve for optimal currents depends on whether low speed or high 
speed operation is being considered. 
Low Speed Operation 
At low speed it can be assumed that the inverter can force any desired current into the 
machine. The requirement, therefore, is that the current waveform achieves the desired 
average torque over the electrical cycle at the same time as minimising winding loss. 
As only an average torque needs to be achieved, it is not possible to solve this problem 
by taking each rotor position in turn and finding the currents that will achieve a certain 
torque. The torque at each position can either be smaller or greater than the desired 
torque, as long as the average of the torque over the electrical cycle meets the desired 
value. There are therefore many combinations of currents that might achieve that desired 
torque. 
The total number of combinations, N, and therefore the computation time, depends on 
the number of rotor positions at which the calculation is performed, as well as the 
variation in current allowed at each position i. e. the current step used. The number of 
combinations Possible is calculated as follows: 
No 
(7.1) 
where No is the number of rotor position points to be taken into consideration, 
Imax'Imin are the maximum and minimum currents to be checked and I step is the current 
step. Therefore if the current step is 0.25A over the range -I OA to I OA, and the number 
of rotor positions to check is 12 (corresponding to an angle step of 30 electrical 
degrees), then Nwould be equal to 6.9E22 ! Computation time, therefore, would be 
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excessive if every combination of current was checked. A search routine was therefore 
developed to reduce the number of combinations to be checked. 
The code starts by generating an approximate current waveform that achieves more than 
the desired torque. At each position only three possible currents are allowed, that is +1, - 
1, and zero. 'I' is normally set to the maximum possible current thought necessary to 
achieve the desire torque. Using Equation 7.1, this keeps the number of combinations 
down to 312 = 531,441, assuming an angle step of 30 electrical degrees, which is 
acceptable in terms of computation time. The calculation for each combination involves 
the following steps: 
e Take the particular combination of currents for phase A over 360 electrical degrees 
(consisting of 12 points). Use symmetry to calculate the current for the next 360 
degrees (note that the complete electrical cycle for a bipolar waveform is 720'). 
Shift phase A by 240' at a time to calculate the current waveform in the other two 
phases. 
9 The equivalent single tooth currents at each rotor position are then determined using 
the transformation matrices. These are then used as inputs to a torque lookup table to 
calculate the instantaneous torque at each position. 
9 The average torque and winding loss is then obtained. If the average torque is above 
the desired torque, and the torque per unit copper loss is better than any previous 
combination of currents, then the new combination is stored. 
e The above four steps are then repeated for each possible combination of currents. At 
the end of this sweep the best waveform is output. 
This waveform can then be taken and improved. At each rotor position the current is 
again varied by I, the current step, from the original best waveform, but this time the 
current step is halved. Every combination is tried, so again 3 12 Computations are 
performed. This is shown in Figure 7.1 where the upper and lower waveforms defme the 
limits of the new sweep. 
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Figure 7.1 Upper and lower limits for search based on the previous best result, shown dashed. 
New best waveform shown with solid black line. 
It can be seen from Figure 7.1 that the new "best" waveform has refined the original 
"best" waveform as the smaller current step allows finer control. It may still be possible 
to improve on this new waveform even with the same current step. Therefore another 
search is started centred around this new "best" waveform. This continues until no 
improvement in the waveform can be made with this current step value. This is defined 
in the following way: at the end of a sweep of 3 12 combinations of currents the latest 
"best" waveform is checked against the upper and lower limits. If it is at the centre at 
every point then no improvement can be made in the waveform with that current step. 
The current step can then be reduced and the whole procedure repeated, each time fine 
tuning the current waveform further. This method of "homing in" on the best waveform 
takes considerably less computation time than calculating every possible combination of 
current to the require accuracy in terms of the current step used. Also note that because 
the current is not constrained to start with zero current at 0, then angle advance or 
retard is automatically achieved. Typical computation time is approximately 20 minutes 
to obtain an optimised current waveform for a given torque demand with an accuracy of 
0.25A and a maximum current demand of I OA using a Pentium 13 3MHz PC. 
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High Speed Operation 
At higher speed operation it cannot be assumed that the desired optimal currents for 
maximum torque per unit copper loss can be forced into the windings due to the back 
EMF of the machine and the voltage available from the inverter. Therefore some 
account must be taken of the maximum rate of change of phase flux linkage that can be 
achieved at a given speed, and hence the maximum rate of change of current at each 
position. 
The method used is very similar to low speed operation with the difference that changes 
in voltage from one rotor position to the next are used, rather than changes in current. 
Again a 300 angle step is used, so 12 rotor positions are considered. At each position a 
voltage is applied that is maintained until the next position. Therefore a change in flux 
linkage between each point can be determined, based on the speed of the machine and 
the change in angle between the points. Phase resistance is ignored in this part of the 
calculation for simplicity. 
Now the absolute values of flux linkages need to be determined. This is explained with 
the aid of Figure 7.2. Initially the flux linkage at 0' is assumed to be zero. A flux linkage 
waveform. ('Waveform A' in Figure 7.2) can then determined from knowing the changes 
in flux linkage between points thereafter. However, the symmetry with a bipolar 
waveform means that the flux linkage at one position is the negative of the flux linkage 
3600 later (remembering that the complete electrical cycle for a bipolar waveform. in this 
machine has been defined as 720'). So, for example, the flux linkage at 0' is the negative 
of the flux linkage at 3600. This can be achieved by shifting the whole waveforin in the y 
axis until this condition is achieved, thus forming the first section of 'Waveform 13' in 
Figure 7.2. Once the first 3600 are known, the next 3600 is simply the negative of the 
first 360'. This now completes the full electrical cycle. Note that the angle advance does 
not have to be considered separately with this method, as flux linkage at the first 
position need not be zero. 
Once the flux linkage waveforin has been determined, phase current can be calculated 
using a lookup table of the machine's flux linkage/current/rotor position data. As with 
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low speed operation the equivalent single tooth currents are then calculated followed by 
the torque and winding losses. Note that computation time was reduced by indexing the 
flux linkage and torque look-up tables at 30' steps, so that interpolation of the data was 
not required in the angle axis. 
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Figure 7.2 Method of completing the flux linkage waveform over the full electrical cycle. 
The same method of 'homing in' on the optimum waveform is used. The code starts by 
only allowing +Vdcg 0 or -Vdc at each rotor position i. e. +600,0 or -600V for the 
machine being considered here. This is the same as using variations of +1,0 or -I with 
low speed operation. The combination of voltages that produces the best torque per unit 
copper loss are noted. 
This waveform is then refined by starting a new search, this time only allowing the 
voltage applied at each position to vary by one half the voltage of the previous case. 
Once more there are 3 12 combinations to be calculated. As with the method for low 
speed operation it may be possible to improve on this combination further with the same 
voltage step. New searches therefore continue until the best voltage at each position is 
found to be at the centre of the sweep being considered. 
The voltage step is then reduced and the whole process repeated. The optimisation stops 
when further reductions in the voltage step make no difference to the result. 
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7.2.2 Smooth Torque for Lowest Copper Loss 
Again, two slightly different approaches are used, depending on whether low or high 
speed operation is being considered. 
Low Speed Operation 
At low speed it can be assumed that the inverter can force any desired current into the 
machine, as the limitation of the DC link voltage does not have to be considered. It is 
also notable that as smooth torque is required then it follows that at each rotor position 
the desired torque is known. This makes the optimisation for smooth torque 
considerably easier than that for optimum torque per unit copper loss. Each rotor 
position can be considered separately, significantly reducing the number of 
combinations possible. 
The simplest way to approach this is to scan through a range of currents for the three 
phases at each position, calculating torque and loss as before. As the sweep progresses 
the combination of phase currents that achieves at least the desired torque with the 
greatest torque to loss ratio is noted. This method makes it unnecessary for a particular 
combination of currents to produce exactly the right torque, which is highly unlikely. 
The fact that torque per unit copper loss is also a criteria means that rms phase currents 
are reduced to the minimum possible to achieve the desired torque. The torque achieved 
at each position, therefore, only just meet the desired value with a small amount to spare 
due to the current step being used. The number of possible combinations of currents, N, 
is now given by: 
-I 
-I 
Np 
N= No +I 
step 
(7.2) 
where No is the number of rotor position points to be taken into consideration, 
Imax'Imin are the maximum and minimum currents to be checked, step's 
the current 
step, and N, is the number of phases. 
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So, for example, if max 
I OA, 
min =- 
I OA, Istep = 0.25A, NP =3 and the angle step is 
5 electrical degrees ( No 24), then N= 12.75 * 106 Note that No =24 as only 1200 need 
be calculated, with the rest derived from symmetry. This was found to be an acceptable 
computation time and therefore no effort was put into a more intelligent way of speeding 
up the optimisation. 
High Speed Operation 
This is very similar to the optimisation for maximum torque per unit copper loss at high 
speed. Again changes in voltage between each rotor position are tried for one phase over 
3600 to take into account the limitations of the DC link voltage available. The voltage 
step reduces over progressive iterations, gradually homing in on the optimum waveform. 
The only difference is that each point must achieve the demanded torque so that a 
smooth torque output is achieved. Therefore for a particular combination of voltages 
applied, the flux, current and torque is calculated at each position. The best combination 
is noted where the torque achieved at each position is at least the demanded torque and 
the total losses are less than any previous best combination. If smooth torque cannot be 
achieved with any combination of voltages, then the one that produces the desired 
average torque with the least torque ripple is noted instead. 
This method of considering the whole electrical cycle at the same time ensures that 
smooth torque will be achieved up to the highest speed possible. This is because if only 
single points are considered in isolation no account is taken of the change in flux linkage 
to get to the next or subsequent points. Note that the ability to achieve the desired 
smooth torque is the primary objective and winding loss is only a secondary 
consideration when there is more than one possible combination to achieve smooth 
torque. 
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7.2.3 The Delta Connected Drive 
When the windings of any three phase machine are connected in a delta configuration to 
a three phase bridge inverter, there are certain restrictions on the voltages and currents 
that can be applied to the machine i. e. 
V +V +V =o (7.3) ABc 
and 
III + 12 + 1/3 : -- 0 (7.4) 
where V is the phase voltage I, is the line current. 
The same basic optimisation method is used as before with the addition of these 
restrictions. The code takes different combinations of line voltages and calculates the 
resulting phase voltages e. g. V=V-V. The phase currents are then solved in the A 11 12 
normal way, and the line currents can then be calculated e. g. III =IA-IC 
An extra optional restriction of limiting the line currents to a chosen value was found to 
be useful. Thus the effect of reducing peak line currents on the machine performance 
could be examined, with the aim of lowering inverter VA rating. 
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7.3 Comparison of Machine Performance with Current 
Proffling 
7.3.1 Current Profiles for Maximum Mean Torque Per Unit Copper 
Loss 
Low speed 
The optimised currents for maximum mean torque per unit copper loss at low speed are 
shown in Figure 7.3, generated using the method described in Section 7.2.1. for the 
DIN prototype machine. For comparison, the simulated current waveform for bipolar 
squarewave is shown for 27Nm of torque (data taken from Chapter 5). Both machines 
have 204 series turns per phase. The difference in the shapes has the following effects: 
e RMS phase current is reduced for the same torque output. For example, for 20Nrn 
output, loss is reduced from 152W to 132W (a 13% reduction). 
* Peak phase current demand is increased. For example for 20Nrn output, peak current 
demand is increased from 5.5A to 6.75A (a 22.7% increase). Note this ignores the 
additional spikes of current due to phase commutation that is seen with bipolar 
squarewave due to commutation effects. 
The increase in machine performance can be explained with the aid of the equivalent 
single tooth currents shown in Figure 7.4, and the torque produced by each equivalent 
single tooth phase (or each machine pole) shown in Figure 7.5. The normal equivalent 
single tooth current for bipolar squarewave operation is also shown for reference. The 
equivalent single tooth current is now shaped so as to reduce the current around the 
aligned and unaligned positions, or more specifically in the region just less than 1800 
and just greater than 360'. This is the region that, with normal square shape control, 
produces reasonable amounts of negative torque (see Figure 7.5). The reduction in this 
negative torque means that less positive torque needs to be produced in the region 
between 180' and 360'. Hence the current in this region is generally less than it was 
before. It is also shaped to essentially follow the torque profile of the machine - 
something which is seen with short pitched winding machines. 
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Figure 7.3 Current profiles for maximum mean torque per unit copper loss at low speed for a 
range of torque demands (data calculated at 30' intervals and smoothed). Bipolar squarewave 
shown, producing 27Nm. 
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Figure 7.4 Equivalent single tooth currents for the phase currents shown in Figure 7.3. 
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Figure 7.6 shows total torque output. Unlike the short pitched winding machine, when 
profiled for maximum efficiency, torque ripple is relatively low (30% pk-pk at 20Nm). 
This is an indication that smooth torque output will be achieved easily and should still 
maintain a good efficiency. 
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Figure 7.5 Equivalent single tooth phase torque (or torque due to one machine pole) for the 
phase currents in Figure 7.4. 
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Figure 7.6 Total machine torque for the currents in Figures 7.3 and 7.4. 
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High Speed 
Current profiles for operation at high speed are shown in Figure 7.7 and 7.8. These are 
generated using the method described in Section 7.2.1. The profile for low speed 
operation is also included for comparison. It can be seen that this profile (referred to as 
'0 rpm') is exactly the same as for 400 rpm and 800 rpm. This confirms that the two 
different methods described in Section 7.2.1 for low and high speed operation actually 
produce the sarne result under the same conditions. 
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Figure 7.7 Optimal current profiles at various speeds to produce 20Nm of torque with a 600V 
DC link. Data plotted at 30' intervals and smoothed. 
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Figure 7.8 Optimal equivalent single tooth current profiles at various speeds to produce 20Nni 
of torque with a 600V DC link. Data plotted at 30' intervals and smoothed. 
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As the machine approaches base speed (1350rpm) it can be seen that it is no longer 
possible to force the ideal currents into the windings. The most optimal currents 
possible, within the constraints of the DC link voltage, are shown to become peakier and 
require more advance angle. The highest speed possible to produce 20Nm in this 
machine with 600V was found to be 20OOrpm. 
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Figure 7.9 Comparison of copper loss with bipolar square currents (360') and bipolar profiled 
currents. Copper loss in the same frame size short pitched machine also shown. 
The improvement in winding loss over a range of speeds with profiled currents can be 
seen in Figure 7.9. Here the results from this optimisation are compared to results from 
the simulation using square shaped currents i. e. bipolar squarewave and the short 
pitched winding machine with the same stack design. A constant torque of 20Nm is 
desired up to 1500rpm, and then beyond that a constant power output of 3150W. As the 
machine approaches base speed it can be seen that both the fully pitched and short 
pitched winding machines with square shaped control begin to struggle to maintain the 
constant torque output. Copper loss consequently rises rapidly. In the constant power 
region torque output is lower, therefore copper loss is lower, however at 2000 rpm 
bipolar squarewave is unable to produce the required torque output. Results with 
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profiled currents show a substantial improvement, especially at high speed where 
constant power can be maintained at the same time as exhibiting very low copper loss. 
At 1500rpm machine efficiency (ignoring iron loss) improves from 93.2% to 95.4% by 
profiling the currents. This compares with 89.2% for the short pitched winding machine. 
Note that in the above comparison the conduction angle of the short pitched winding 
machine is restricted to 1200 up to 10OOrpm. This maximises efficiency for a square 
shaped current at low speed and therefore shows the short pitched winding machine in 
the best light for the purposes of this comparison. Above 10OOrpm up to 180' 
conduction is allowed which maximises high speed torque output for the short pitched 
winding machine. 
This increase in torque output at high speed, while reducing copper loss, can be 
explained with the aid of the waveforms shown in Figure 7.10. Figure 7.11 goes on to 
compared these waveforms to bipolar squarewave control. The top wavefonn is the 
phase current, which was generated using the optimisation technique. The second 
waveform is the phase flux linkage that produces this current. Notice that the shape of 
the flux shows that it is not in complete voltage control i. e. maximum torque is not 
achieved simply by applying full positive voltage for 360', followed by full negative 
voltage for the subsequent 360'. 
The equivalent single tooth flux linkage and current is also shown in Figure 7.10. At 
180' it can be seen that full equivalent single tooth volts are applied for a period of 60' 
resulting in a large increase in equivalent single tooth current. For the next 1200 zero 
volts are applied, therefore the current falls off as positive torque is produced in the 
machine. Negative volts are then applied for a period of 60', reducing the current back 
to zero. This whole cycle then repeats itself, but in the negative direction. 
The final plot in Figure 7.10 shows the resulting equivalent single tooth torque, together 
with total machine torque (for reference the period between 180' and 360' is the region 
positive torque can be produced, and the period between 0' and 180' is the region 
negative torque can be produced). 
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Figure 7.10 Waveforms at 20OOrpm producing 15Nm torque using the optimisation technique. 
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Figure 7.11 shows why the optimisation is an improvement for bipolar currents. The 
first graph shows the full voltage control case in comparison to the optimised case. The 
second graph shows the equivalent single tooth flux linkage calculated from the real flux 
linkages. It can be seen that the equivalent single tooth flux linkage remains high for 
much longer in comparison to the optimised case, resulting in significant MMF during 
the negative torque producing region. 
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Figure 7.11 Flux linkage waveforms under full bipolar voltage control compared to the 
optimised waveforms. 
The net effect is that less torque is produced for a greater copper loss as shown in Figure 
7.9. This explains why profiling the currents is an improvement on ordinary bipolar 
control at high speed. The following section compares this situation to unipolar control. 
Figure 7.12 shows, in simplified form, the phase and equivalent single tooth voltage 
waveforms that would produce the fluxes and currents shown in Figures 7.10. Figure 
7.13 shows the same for unipolar control. It can be seen that the flux linkage waveforms 
are the same shape and magnitude, the only difference being that one is bipolar. As 
torque is independent of current (or flux) direction, this means the same torque will be 
produced. In other words bipolar operation can now match the same torque-speed 
envelope as unipolar operation. 
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Figure 7.12 Simplified waveforms for optimal bipolar operation at high speed. 
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Figure 7.13 Simplified waveforms for voltage control with unipolar operation. 
For reference, Figure 7.14 shows the short pitched winding machine in maximum 
voltage control i. e. full positive volts for 180' followed by full negative volts for 1800. A 
comparison with the fully pitched winding case shown in Figures 7.12 or 7.13 reveals 
that although the fully pitched winding machine has a much shorter period of equivalent 
per tooth voltage, it is at twice the magnitude. The overall effect was shown in Chapter 6 
where the torque-speed envelopes of both machines were shown to be essentially the 
swne. 
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Figure 7.14 Voltage control (180') with the short pitched winding machine 
These results agree very well with the work described by Barrass [7.5], where the same 
voltage waveform shown in Figure 7.12 was proposed for high speed operation. The 
work described here has confkmed that the voltage waveform described by Barrass is in 
fact basically the best possible for high speed bipolar operation. However, it has now 
taken this further by developing this method to calculate the best current demand 
references over the entire torque-speed envelope of the machine i. e. the same 
optimisation and control method is used to minimise losses at low speed and also to 
maximise torque output and torque per unit copper loss at high speed. Furthermore, as 
optimum current references can be calculated for any given speed, a smooth transition 
between low and high speed operation can take place. 
Implementation of the above scheme requires a matrix of current (or flux linkage) 
reference waveforms to be stored in the controller to cover the speed and torque range 
required. In practical terms this means a digital processor with a sufficient amount of 
memory and processing power. However this does not appear to be a problem as: 
9 The amount of memory required can be kept low by keeping the number of current 
references stored to a minimum. Simple interpolation techniques can be used to 
quickly calculate a waveshape between two stored references. This should work well 
as the current references do not change very rapidly with speed or torque, and are in 
fact the same up base speed. 
Processor costs have dropped dramatically in recent years, resulting for example in 
powerful DSP controllers with enough memory, even in the lowest cost applications. 
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7.3.2 Current Profiles for Smooth Torque with Lowest Copper Loss 
Low speed 
The optimised currents for smooth torque at low speed are shown in Figure 7.15 and 
have been generated using the method described in Section 7.2.2. i. e. these are the 
currents that give smooth torque for the lowest copper loss. When these current profiles 
are compared to those for maximum torque per unit copper loss, shown in Figure 7.3, it 
can be seen they are rather similar. Table 7.1 is a summary of the effect on peak and rms 
currents for the three cases of smooth torque, maximum torque per unit copper loss and 
normal square bipolar currents during low speed operation. It is interesting to note that 
when compared to the case of maximum torque per unit copper loss, smooth torque can 
be achieved with a slightly lower peak current and only a slightly higher winding loss. 
Figure 7.16 shows the equivalent single tooth currents derived from Figure 7.15. Figure 
7.17 shows the resulting equivalent single tooth phase torque, together with the total 
machine torque. 
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Figure 7.15 Current profiles for smooth torque at low speed for a range of torque demands 
(waveforms have been calculated at 50 (electrical) intervals and then smoothed). 
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Winding Loss (W) Peak Current (A) 
Bipolar square 152 5.5 
Profiled for Max. Torque per Unit Copper Loss 132 6.75 
Profiled for Smooth Torque 137 6.63 
Table 7.1 Comparison of RMS and peak cuffents demand for the three methods of current 
control, each producing 20Nm of torque at slow speed. 
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Figure 7.16 Equivalent single tooth currents for the phase currents in Figure 7.15. 
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Figure 7.17 Equivalent single tooth phase torque, together with total machine torque for 20Nm 
smooth torque operation. Data plotted at 5' intervals. 
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High speed 
Figure 7.17 shows the results of the optimisation method described in Section 7.2.2 for 
smooth torque during high speed operation. The maximum speed while obtaining 20Nm 
of smooth torque was found to be 1300rpm with a 600V DC link i. e. approximately the 
base speed and power of the drive. 
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Figure 7.18 Current profiles for smooth torque at 20Nm up to the maximum achievable speed of 
1300rpm. 
The waveform for 'Orpm' in Figure 7.18 refers to the optimised waveform found with 
the low speed method. All the other waveforms use the high speed optimisation method. 
In general there is no particular shift in the waveforms as speed increases. The 
waveforms only differ because a range of currents achieve a very similar result in terms 
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of torque and loss. The exception is the waveform at 1300rpm, where some extra 
advance angle is required and the currents become peakier before smooth torque is no 
longer achievable. 
Figure 7.19 compares copper losses using smooth torque control against the other 
methods of control that have already been discussed. This shows that smooth torque can 
be achieved with very low losses up to the base speed of the machine. If operation above 
this speed were required it should be possible to searnlessly revert to the current profiles 
for maximum torque per unit copper loss instead, and suffer some torque ripple of 
course. 
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Figure 7.19 Comparison of copper loss with current waveshape in the fully pitched winding 
machine. Copper loss in the same machine but with short pitched windings also shown. A 
constant torque of 20Nm is produced up to 15OOrpm, then a constant power of 315OW above 
1500rpm. Base speed is 1350rpm. 
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7.3.3 Current Profiles for the Delta Connected Drive 
The main difficulty when using the delta circuit is that an applied line voltage affects 
two phase voltages. This makes independent current control of individual phases 
impossible, leading to poor phase current control. As the simulated results in Figure 
7.20 show, this leads to very poor torque production for a given current demand, 
especially at low speeds. The comparison here is made on the basis of the same peak 
current demand and the same DC link voltage. Control of the delta connected machine is 
with square shaped bipolar line current demands. Advance and conduction angles were 
optimised at each speed for maximum torque production, and in the delta connected case 
the best conduction angles were found to be approximately 240'. The machine simulated 
here is, in fact, a standard Allen West D132 machine, rewound with fully pitched 
windings (rated torque is 48Nm at 1500rpm with Vd,; =580V). 
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Figure 7.20 Comparsion of simulated torque-speed curves for unipolar excitation/assymetric 
half bridge versus bipolar excitation/delta connection. Allen West D132 machine, I&. m=IOA, 
Vd, =240V. 
The delta connection optimisation technique described in Section 7.2.3. is an attempt to 
take into account these facts and find some different shaped line currents that result in 
better machine performance. These new line currents are shown in Figure 7.2 1, and 
were calculated for the D 100 prototype machine, as before with 204 turns per phase. 
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Figure 7.21 Profiled currents for the delta connected machine at 500 rpm for a range of torque 
outputs. Waveforms for 20Nm differ, as the line current is limited to 13A maximum. Torque 
due to the equivalent single tooth current also shown. 
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As can be seen, the basic conduction angle is approximately 240' as before, however 
there is now a very large dip in the centre of this conduction period. In most cases this 
dip in fact reaches zero current. The corresponding phase currents and the equivalent 
single tooth currents are also shown in Figure 7.19. The waveforms for 20Nrn differ in 
shape slightly because a limit has been placed on the peak line current to keep it below 
13A. This is an attempt to reduce inverter peak VA rating and observe the effect on 
machine performance. 
A comparison can now be made with the profiled bipolar current shown in Figures 7.3 
and 7.4. Note that the same machine with 204 series turns per phase was used in both 
cases. The shape of the equivalent single tooth currents differs in that a lower portion of 
the positive torque producing region is used. This results in a higher peak current for a 
given torque output. This is directly attributable to the fact that phase currents still 
cannot be independently controlled. 
At high speed, under voltage control, the best waveforms for bipolar operation were 
identified in Figure 7.10 and 7.11. Figure 7.12 showed the simplified voltage waveform 
to achieve these waveforms. It can be seen from these voltage waveforms that the sum 
of the phase voltages do not sum to zero - in other words those waveforms will not be 
achievable with the delta connected machine. Figure 7.22 shows, however, what can 
actually be achieved with the delta connection. Simulated flux linkage and current 
waveforms are shown for the delta and the H bridge connected machines using the 
current profiling to optimise performance. Figure 7.23 shows the simplified voltage 
shapes to produce these results for the delta connection, which show that the phase 
voltages add to zero as they need to. 
Figure 7.22 shows that while the phase flux linkages are the same in terms of dy/dt, the 
equivalent single tooth flux linkages differ. This can be explained from the equivalent 
single tooth voltage waveforms for both cases shown in Figures 7.12 and 7.23. These 
show that in the delta case, the equivalent single tooth voltage magnitude has been 
halved, but its period is twice as long. This results in the rate of rise of equivalent single 
tooth flux linkage being half that with the H bridge connection, but the period of that 
rise is doubled, resulting in the same magnitude of flux linkage still being reached. The 
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effect on the equivalent single tooth currents and torque can be seen in Figure 7.22 
where slightly more current is evident in the negative torque producing region. Overall, 
however, the waveforms are remarkably similar, considering the voltage restrictions 
inherent in the delta circuit and the poor phase current controllability. 
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Figure 7.22 Simulated flux linkage and current waveforms at 20OOrpm, producing 15Nm of 
torque. Waveforms for control with the H bridge circuit and the delta connected circuit are 
shown, both being having being derived from the optimisation technique. 
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Figure 7.23 Simplified high speed waveforms for the delta circuit showing phase voltage, 
equivalent single tooth voltage and equivalent single tooth flux linkage. 
Figure 7.24 shows the overall effect on machine perforinance over the entire speed 
range. At low speed copper loss is worse than both bipolar squarewave and unipolar 
operation. Although current controllability has been improved significantly, full 
independent control of each phase will never be possible in the delta topology. 
However, at higher speeds torque per unit copper loss improves relatively due to the fact 
that the ideal voltages achievable with the H bridge are not too dissimilar to those 
achievable with the delta connection. At 2500rprn delta can no longer achieve 315OW 
power output, suggesting that torque output falls slightly more rapidly with speed. 
Table 7.2 shows a comparison of machine copper loss and efficiency at the base speed 
of the machine with 2827W power output (3kW is the nominal rating of the machine). 
Note that efficiency is based only on copper loss and does not take into account iron 
loss. In addition, copper loss is based on the measured phase resistance value in the fully 
pitched winding machine, but the short pitched winding machine uses the theoretical 
value. The delta connected machine with profiled currents has an improved efficiency 
over unipolar operation of the fully pitched and shorted pitched winding machines. 
However, it cannot match the excellent efficiency of the fully pitched winding machine 
using an H bridge inverter with profiled currents. 
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In terms of inverter rating two comparisons need to be made. The first is at very low 
speed or stall where peak current in a device will determine its rating due to its relatively 
short thermal time constant. Table 7.3 shows a comparison of peak device currents for 
the various drives. 
450 
Delta I-e 
------------ ------------- - -- 
pro 
400 Unipolar square 400 0 Unipolar square ---------------------- ------------- - -- 
H bridge square 
350 H bridge profiled --------------------- ---------- 
A Short Pitched Square 
300 - ------- -- --- -7- - ----------- --------------- 
250 
200 
150 
100 
50 - ---------- I --------------- -------------- -------------- -------------- ------------- -------------------------- 
0 ------------- 
500 750 1000 1250 1500 1750 2000 2250 2500 
Speed (rpm) 
Figure 7.24 Comparison of copper loss with current waveshape. Copper loss in the same 
machine but with short pitched windings also shown. Losses correspond to a constant torque of 
20Nm up to 1500rpm, and a constant power of 315OW above 1500rpm. Base speed is 1350rpm. 
lpk(A) Copper Loss (W) Machine Efficiency 
Delta Profiled 13 252 91.8 
Unipolar square 9.4 
267 91.4 
" bridge square 6.1 189 93.7 
" bridge profiled 7.7 143 95.2 
Short pitched square 8.5 311 90.1 
Table 7.2 Comparison of machine performance at base speed (1350rpm) for 2827W power 
output. lpk is inverter device peak rating. Efficiency does not include iron loss. 
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The relative size of each inverter will therefore be the product of the peak current at low 
speed and the number of active devices (the same DC link assumed for each). This gives 
the inverter rating shown in the table. It can be seen that the peak line current of the 
delta connection severely affects low speed operation rating. 
Peak C rrent (A) 
Speed (rpm) <500 1000 1500 2000 N 
_Inverter 
rating (@500rpm) 
Delta Profiled 13 13 13 12.65 6 78 
Unipolar square 7.7 9.9 9.9 9.5 6 46 
" bridge square 5.5 6.5 6.5 10.2 12 66 
" bridge profiled 6.8 9.3 9.3 8.8 12 82 
Short pitched square 7.5 1 8.9 8.9 8.8 6 45 
Table 7.3 Comparison of peak inverter device current and peak inverter rating. 
A comparison, however, also needs to be made in terms of device average losses. At 
higher electrical frequencies where device losses tend to average out over the electrical 
cycle, it is the average rather than the peak loss that is the determining factor. Inverter 
losses cannot be estimated as they were using the simulation in Chapter 6 as the 
optimisation routine used here is simplistic in comparison. Table 7.4, however, is an 
attempt to estimate relative losses based on the current demand and the estimated duty 
cycle of each device. The total inverter rating is therefore the product of these two 
values and the number of active devices in the inverter. 
I (A) Duty Cycle N Inverter rating 
Delta Profiled 13 0.33 6 25.8 
Unipolar square 9.9 0.66 6 39.6 
" bridge squaie 6.5 0.5 12 39.0 
" bridge profiled 9.3 0.5 12 5 
Short pitched square 8.9 0.39 6 2 
Table 7.4 Comparison of device rating at base speed. Estimates based on product of peak 
current demand, device duty cycle and total number of devices. 
The delta connection now looks more favourable, as although peak device current is 
high, its duty cycle is low. This is due to the fact that at any one time only two devices 
are needed to supply current to two phases in the delta circuit. With unipolar operation 
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using the asymmetric half bridge four devices need to conduct at any one time (two per 
phase for two thirds of the time). Bipolar squarewave using H bridges requires six to 
conduct (2 out of 4 per phase continuously). 
As with many SR motor configurations the relative merits of the delta topology both in 
terms of machine efficiency and inverter rating is highly dependent on the application. A 
pump or fan application would perhaps be most suitable, where the start up torque is 
low and power electronic rating is determined at high rather than low speed. 
Further points to consider with the delta topology are as follows: 
"A major advantage of the delta connection is that the number of power electronic 
packages is reduced to six, as the switch and diode can now be contained within the 
same component. In contrast, the asymmetric half bridge topology, for example, 
requires 12 packages as the six switches and six diodes must be contained in their 
own package due to the connectivity of the circuit. The delta connection uses the 
same three phase bridge topology used with the vast majority of AC machines such 
as the induction motor. Complete inverters are therefore available as standard within 
one module. 
" Further advantages are that only three power connections are required between the 
inverter and the motor. This is useful where large distances are encountered between 
the two. Another less obvious situation, for example, is in a refrigerator compressor 
where expensive seals are required in the motor housing for each motor connection. 
This is one major reason why brushless DC machines rather than SR machines are 
currently being developed for variable speed purposes. 
" Line current sensing with only two sensors is possible, as the third line current can be 
calculated. 
"A 3kW induction motor requires a peak line current of 8.5A. In comparison the delta 
topology with profiled currents requires 13A, therefore power electronic rating 
appears to be high. Note, however, that all SR machines have the advantage under 
voltage control at high speed that very little device switching takes place, resulting in 
lower losses for the same conducted current. 
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7.4 Implementation of Current Profiling Using a Flux 
Control Method 
The current profiles generated by the optimisation. techniques described in this chapter 
were implemented on the test rig. Thus, it was possible to discover whether these 
wavefonns truly gave the predicted increase in performance. 
Current reference look-up tables were stored in the memory of the DSP for a range of 
torque demands and positions as follows: 5Nm to 25Nm at intervals of 5Nm, 0 to 360' 
at intervals of 11.25'. For simplicity in the trial, only references for a speed of 1000 rpm 
were used. The current controller implemented the following steps each PWM cycle. 
The timing of these steps are shown in Figure 7.25. 
e Sample position 
* Calculate desired phase currents with knowledge of torque set point (input via 
hardware) and the measured position. Linear interpolation used to calculate the value 
between the stored points. 
Sample currents 
Use a PID controller to generate the voltage references (or voltage demands) to 
send to the PWM controller based on the current error. 
The results of this method are shown in Figure 7.26. The actual current lags 
substantially behind the desired current reference. The effect is a drop in performance 
due to the fact that torque output is much lower than expected. 
Position Sample Current Sample 
Calculate desired PID Calculations 
currents from look up Write to PWM Controller with 
voltage demand 
PID Implementation of voltage demand with the First Co Background Control inverter. Loop Tasks Loop 
One PWM Period t--0 14 1. t-- I UUps t--200pS 
Figure 7.25 Implementation of profiled currents using a PID Current control 
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Figure 7.26 Comparison of a profiled current reference to the current actually achieved in the 
machine with the PID current controller described. 
The lag and incorrect magnitude of the actual current is due to two problems. Firstly, a 
PID current controller relies on current error to generate the voltage demand. A certain 
steady state error that is dependent on the proportional gain will always exist. In a 
situation where the current demand is constant, integral gain can be used to help 
eliminate this error. However, in this situation the current reference is constantly 
changing and therefore there will always be an error. Secondly, the speed of the machine 
means that the current demand will always be incorrect by the time the PID loop has 
implemented its voltage demand on the machine. This can be seen in the timing diagram 
of Figure 7.25, where the inverter is implementing the voltage on the machine one PWM 
cycle after all the calculations have been done. In this case the position sampling makes 
the situation worse as this is performed at the start of a PWM period, meaning it is 
nearly two periods 'out of date' by the time the voltage demand has been fully 
implemented. At 10OOrpm the rotor will turn over 7 electrical degrees during a PWM 
period of 100ps in a 12-8 machine, thus leading to significant error. 
The second problem of controller lag can be substantially reduced by predicting where 
the position of the rotor will be by the time the controller has implemented its voltage 
demand on the system. The speed of the machine is essentially fixed over a PWM period 
and therefore a good prediction can be made of the position at the end of the subsequent 
PWM period. 
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This improves the situation somewhat, but still leaves an error in the current magnitude. 
A fundamental problem is that the effective inductance of a phase winding changes with 
position, and therefore a PID current controller will only be tuned optimally at one point. 
In other words, when a certain voltage is applied to a phase the controller does not have 
knowledge of the change in current that will result, and that change in current will be 
different at different rotor positions. To optimally tune the system the controller must 
know the change in current to expect, otherwise either instability or poor control will 
occur. Both these effects are evident in the waveforms of Figure 7.24. Poor control can 
be seen at the first peak in the waveform where a large difference between demanded 
and actual current has occurred. In the dip in the waveform that follows, oscillations are 
evident indicating that the system is on the point of instability at this position. 
A controller can be given knowledge of the expected change in current due to an applied 
voltage with use of the machine's flux linkage/current/position characteristics. If the 
present position and currents are known, then these characteristics can be used to 
calculate the exact change in flux required to achieve a certain current at a subsequent 
position. This is shown in Figure 7.27. Here YI(On "d is known as current and position 
have been sampled. A certain time later the rotor will be at a new position and require a 
new current demand. V(On+1 "n+d can now be calculated. The change in flux linkage 
needed to achieve the desired change in current is therefore: 
AV = V(on "d - Vl(on+l'in+l) (7.5) 
It is also known that: V= f(V - iR). dt (7.6) 
Rearranging Equation 7.6 gives V= '6V +iR (7.7) 
t 
Therefore the exact voltage required to achieve the desired change in flux can be 
calculated, thus achieving optimal control at every point. Barrass and Mecrow [7.61 used 
a very similar scheme to implement desired waveforms for torque control purposes. An 
addition to the scheme is that position is also predicted, as there is a lag between 
calculating the required voltage and its implementation in the inverter. 
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It is more convenient in practice to store the desired profiled waveforms that have been 
presented in this chapter as flux linkage rather than current. This simply saves 
computation time, as the desired current does not have to be converted to desired flux 
every time, 
When implemented on a fully pitched winding motor, values need to be converted into 
their equivalent single tooth parameters before the flux linkage data can be used. The 
following summarises the complete set of steps necessary during one PWM cycle: 
Sample position. 
Calculate the predicted position in the next PWM period. 
Find desired flux linkage values from interpolation of the stored reference waveforms, 
using knowledge of the predicted position and the desired torque. 
Sample actual phase currents. 
Convert actual phase currents to the actual equivalent single tooth currents using the 
transformation matrices. 
Use the flux linkage/current/position data to obtain actual equivalent single tooth flux 
linkage. 
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* Convert actual equivalent single tooth flux linkage to actual flux linkage using the 
transformation matrices. 
" Calculate the change in flux linkage necessary to achieve the new desired value of 
flux linkage (Equation 7.5). 
" Calculate the voltage required, and hence PWM duty cycle, to achieve the desired 
change in flux linkage (Equation 7.7). 
" Send value to PWM controller. 
The timing diagram for this is shown in Figure 7.28. The above method therefore solves 
the two problems identified as causing the poor performance i. e. the controller looks 
ahead to see what the desired current value (or flux linkage value) will be by the time 
the required voltage demand has been implemented in the inverter. The exact voltage to 
achieve that desired current is calculated from knowing the machine characteristics. It 
should be noted that even if there is a slight error in the volt-soconds applied during one 
PWM period (e. g. due to a variation in the DC link voltage), this is compensated for in 
the next period. This is because the actual current is always sampled every PWM period 
and so cumulative errors cannot build up. 
I Sample phase cuffents I 
Sample position 
I QdCulate the predicted 
position at t--200liS 
I 
table 
te desired real 
flux linkages 
at the predicted 
. using the look 
Convert the sampled currents into transformed 
currents using the transformation matrix 
Use the flux linkage characteristics to find the lactual 
transfoffned flux linkages 
I 
Convert the transformed flux linkages to real fluxI 
linkages (y ý. aj) using the transformation matrix I 
Find voltage to be applied to the phases using 
Equation 7.7 
1 
Write to PWM Controller with the calculated voltageý 
demand to achieve desired flux (current) at =2OOgS 
Second 
First Control Background Control 
Loop 
I 
Tasks 
I 
Loop 
Implementation of voltage demand vrith the 
inverter. Control loops performed as in last 
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Figure 7.28. Implementation of profiled waveforms using a flux controller. 
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When tried on the test rig excellent results were achieved. As discussed at the start of 
this section, profiles for operation at 10OOrpm were stored in memory and the torque 
demand set via hardware. Linear interpolation was used to calculate points between 
torque profile curves and between stored positions. With the torque demand set, the 
excitation of the DC load machine was adjusted so that the SR motor was driving it at 
the desired speed of 10OOrpm. The torque and copper losses produced were estimated 
using the techniques described in Chapter 5. Torque did indeed now match the 
demanded value confirming that the flux controller was achieving the desired current 
profiles. Furthermore it showed that those demanded values were achievable in the 
machine at this speed. Losses also matched the predicted values confirming that the 
overall improvement in machine performance with profiled currents is correct. 
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7.5 Summary 
A method of finding the optimum currents in the fully pitched winding machine with 
bipolar currents has been described. It is empirical in nature, and needing no initial 
starting values, is able to quickly scan through many combinations of possible waveform 
shape, gradually becoming more and more accurate. The method is able to optimise the 
currents either for maximum mean torque per unit copper loss or for smooth torque with 
the lowest copper loss. The technique works for both high and low speed operation due 
to the fact that the maximum change in current at any position can be taken into account. 
The method does not work on a point by point basis, but takes the whole electrical cycle 
into consideration at once thereby producing the best results possible. 
The results show a significant improvement. When optimised for maximum mean torque 
per unit copper loss, copper loss is reduced by 13% at low speed compared to bipolar 
squarewave operation. This is achieved at the same time as having a relatively low 
torque ripple of 30% pk-pk. On the other hand, when the currents are optimised in a 
different way smooth torque can be achieved up to base speed, while still maintaining a 
saving in copper loss over bipolar squarewave. These optimisation methods bring 
copper loss down towards half the value in the same size short pitched winding machine 
for the same torque. 
At higher speeds there is an even larger effect. While trying to maintain a constant 
power output bipolar squarewave operation shows rapidly increasing copper losses. The 
optimisation method has shown that this is due the fact that full voltage control should 
not be used with bipolar currents. More torque can be produced with lower copper 
losses by profiling the currents, even at the highest speeds. 
Comparisons with unipolar voltage control show that the profiled shape is in fact the 
bipolar equivalent, and therefore shows that the torque-speed envelope of unipolar 
machine can now be achieved with bipolar currents. The drawback, however, is that 
twice the number of power electronic devices are needed to achieve this (although peak 
device current and devices losses are lower). Therefore this drive is likely only to be 
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appropriate where machine performance, rather than power electronic cost, is 
paramount 
The optimisation method has been shown to work for the delta connected drive by taken 
into account the restrictions on the available phase voltages (the sum of the phase 
voltages must be zero). A delta allows the use of low cost standard inverter modules and 
current feedback with two line sensors. Profiling of the currents to the waveforms 
shown drastically improves low speed machine performance in terms of torque for a 
given current demand, as well as losses, thereby making the drive a realistic option. 
Machine performance is now broadly similar to unipolar operation. Power electronic 
rating, and therefore cost, is highly dependent on speed. Peak line current is high, 
meaning that low speed inverter rating is poor in comparison. At high speed, however, 
device losses are more important, and they are low due to the low device duty cycle 
(only two devices need to conduct in the inverter at any one time). Estimates show that 
this results in a lower inverter rating than either unipolar or bipolar squarewave 
operation. 
Lower cost drives may be able to simplify the optimised waveforms to achieve good 
performance while minimising controller costs. This could be especially true in the delta 
connected version which could be suitable for a low cost fan/pump application. It has 
been shown, however, that to achieve the exact current waveforms is very difficult with 
normal PWM current control. A flux controller was developed to improve performance 
by calculating the exact voltage to be applied in the subsequent PWM period by using 
the flux linkage characteristics of the machine. 
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Chapter 8- NEW INVERTER TOPOLOGIES FOR 
UNIPOLAR OPERATION 
8.1 Introduction 
The asymmetric half bridge circuit (AHB) is by far the most common topology used 
with switched reluctance motors [8.1]. With this configuration there is a separate half 
bridge for each phase, so that the voltages and currents supplied to each phase are 
completely independent of all other phases. Thus this offers the maximum degree of 
flexibility of all unipolar converter options. There have been many other developments, 
examples of which are given in [8.2-8.5], driven predominantly with the aim of reducing 
the number of devices, but almost without exception these have inherent limitations in 
terms of motor controllability. Consequently the half bridge circuit generally remains 
the preferred choice for unipolar excitation. 
Unipolar operation of the fully pitched winding SRM with a standard AHB converter 
has been discussed in Chapters 5 and 6. It has been shown that with the same peak 
current and voltage rating this type of inverter can deliver the same torque-speed 
envelope as a short pitched winding SRM, but with much improved machine efficiency. 
Inverter losses on the other hand were shown to be up to twice that of the short pitched 
winding machine due to the fact that each phase needs to conduct for 240' rather than 
120'. Although peak VA is the same, in many applications the increased device losses 
will lead to higher rated components and a larger heatsink rating. 
With this in mind, possible new inverters were considered that would reduce this 
inverter loss, but at the same time maintain good enough control of the phase currents so 
machine performance is not significantly affected. Three new inverters were developed 
that satisfied these requirements and these are explained in this chapter. They all have 
the same basic principle behind them, which is to control two phases at the same time 
with only two switches. This is in contrast to the asymmetric half bridge arrangement, 
which requires four switches to control the two conducting phases. 
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8.2 Ideal Current and Voltage Waveforms 
Figure 8.1 shows the ideal currents at low rotor speed for the fully pitched winding 
machine. Two phases conduct at any one time with the same unipolar current and so this 
brings about the opportunity to 'connect ' the conducting phases in series, with the aim 
of reducing the number of power electronic switches conducting. 
When two windings are, however, simply connected in series the voltage applied across 
the pair will be shared in proportion to the impedance of each. This could result in 
reduced torque output at high speed as the full DC link voltage would not be available 
across each winding at the commutation positions. 
It was, however, noticed that the machine did not require full DC voltage across each 
phase all of the time when operating at high speed (base speed and above). The machine 
in fact does not go into full voltage control as normally experienced with the short 
pitched winding machine. In other words, there are significant periods when current 
chopping takes place and either little or no volts are applied to the winding. Figure 8.2 
shows the voltage waveform required at high speed in an idealised manner. Measured 
phase currents with this idealised voltage waveform are shown in Figure 8.3, and these 
can be seen to be similar to the high speed waveforms shown in Figure 5.6 of Chapter 5. 
la 
lb 
ic 
Rotor position (Electrical Deg) 
Figure 8.1 Ideal current wavefoffns under current control. 
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Figure 8.2 Ideal phase voltage waveform at base speed (shown here with no phase advance for 
direct comparison with Figure 8.1. 
Figure 8.2 and 8.3 show that during high speed operation voltage only has to be applied 
to the phase turning on and the phase turning off. No voltage need be applied to the 
phase that remains conducting. In other words, out of the two phases that need to be 
connected in series during each 120 degree period, one needs the full DC link voltage 
applying to it, while the other requires nothing. The conclusion therefore is that an 
inverter is needed that can effectively connect the two conducting phases together in 
series and selectively apply the ftill DC link voltage to one of those phases. If this is 
achieved then high speed machine performance will not be affected and inverter loss 
should be reduced, as only two devices are needed to drive the two windings. 
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Figure 8.3 Measured phase current shown with the idealised voltage waveform. 
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8.3 Delta Connection with Interphase Diodes (DID) 
8.3.1 Inverter Description 
The arrangement for this inverter is shown in Figure 8-4. Visually there are two 
differences between this inverter and the asymmetric half bridge. Firstly, the diodes DI- 
D6 are now connected only across their associated switches TI-T6. This is 
advantageous as switches are commonly available complete with an associated diode, 
keeping connections and component count to a minimum. Secondly, three extra diodes 
I 
are connected between phases. This gives the inverter its ability to control two phases at 
once, while keeping the current unidirectional. 
TUDI I T3/D3 I T5/D5 
ir ir IL J1} 
Dbc Dca 
B C: . Ar 
IPiPir, 
T2/D2 I T4/D4 I T6/D6 
(a) (b) 
Figure 8.4 (a) Delta Connection with Interphase Diodes Inverter, (b) Asymmetric Half Bridge. 
D5 
Operation is described with the example of phases A and B being desired 'on', and 
phase C desired 'off (see Figure 8.1 for desired current waveforms). Switches TI and 
T4 are used to apply volts to the conducting phases. With both these switches on (and all 
the others off) phases A and B are essentially connected in series across the DC link 
through diode DAB- In this situation it might be expected that the DC link voltage would 
be shared in some way across each winding. In fact, the way it is shared depends entirely 
on the difference in currents flowing in each of the windings. If IA is less than IB, then 
the difference between IA and IB must flow up through diode D2. The effect is to connect 
phase A across the DC link and freewheel phase B. If IB is less than IA. then the 
difference (IA - IB) flows up through D3, applying full DC link voltage across phase B 
and freewheeling phase A. There is, therefore, a large tendency for the currents in the 
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two phases to equalise naturally under these conditions, without any control effort being 
required. 
Phase C, the 'off phase, also needs consideration. If any current flows in this phase then, 
with T5 and T6 both off, full negative DC link voltage will be applied bringing the 
current down as rapidly as possible. When the current reaches zero, diode DBC stops the 
current from going negative, therefore maintaining the unidirectional nature of the 
currents. 
It can now be seen that the basic requirements of the inverter, as described in section 
8.2, are satisfied. At the commutation point the appropriate two switches are turned on 
across the two phases that are desired to conduct. One of those phases will have zero 
current, while the other has already been conducting with some value of positive current. 
The phase with zero current will then receive the full DC link voltage until such time as 
the two currents are equal, at which point the DC link voltage will be shared between 
the two. The third phase, that is desired off, receives the full negative DC link voltage 
until its current reaches zero. 
Another way of viewing this inverter is that the phases are connected in a configuration 
similar to a delta connection with diodes in series with each of the phases. 
The fundamental operation of this new inverter has now been explained and it has been 
demonstrated that high speed performance should be unaffected as the correct voltages 
can be applied to the windings at the right time. Control is achieved with only two 
switches, instead of the four required with asymmetric half bridges, which should 
substantially reduce device losses. The following sections will now describe the inverter 
in more detail, in particular - 
9 Switching states and a current control method for low speed operation. 
* Voltage control with high speed operation. 
* Drive perfonnance - inverter losses, torque-speed characteristics etc. 
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8.3.2 Switching States and Current Control 
Operation of a SR motor with the asymmetric half bridges is straightforward in that each 
phase has its own inverter. This means that the switch state of each is purely dependant 
on the current in its own phase. The "Delta with Inter-phase Diodes" (DID) inverter, on 
the other hand, is more complex to analyse because the phases are connected together in 
the same inverter. The voltage across a particular winding is now a function of the three 
phase currents, as well as the inverter switch state. It becomes apparent that certain 
combinations of phase voltages cannot be applied with this inverter and this can be 
summarised by the following equation: 
v VA+VB+ 
Cýýo (8.1) 
One of the main repercussions of this is that it is not possible to apply negative DC link 
volts to more than one phase at a time. This can be demonstrated by way of the 
following example. Suppose phase C is conducting and negative volts are required to be 
applied to it. This requires that devices T4/D4 conduct, connecting the anode of DBc to 
the negative of the DC link. Correspondingly, devices TI/DI need to conduct to connect 
the cathode of DCA to the positive of the DC link. It therefore follows that the "top" side 
of phase A is also connected to the positive of the DC link, and the "bottom" end of 
phase B is connected to the negative of the DC link. In this situation, positive volts will 
be applied to either phase A or phase B depending which one has the least current. In 
other words, it is impossible to apply negative volts to a phase without applying positive 
volts to at least one of the other phases. This means that negative volts cannot be applied 
to more than one phase at a time. 
It is, however, possible to apply positive volts to more than one phase at a time. For 
example if all six transistors were switched on positive volts would be applied to all the 
phases at once. An important conclusion from Equation 8.1 is that, even with these 
restrictions in voltage states, it is still possible to achieve the ideal phase voltage 
waveforms that were shown in Figure 8.2. An inspection of these waveforms shows that 
at any one time the phase voltages actually sum to zero i. e. 
VA + VB + VC -"ý 0 (8.2) 
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Current control strategy 
Table 8.1 summarises the inverter switch states that were found to be useful for current 
control purposes. Notice that with some switch states the voltage applied is also 
dependant on the phase currents flowing, while with others it is independent of current 
e. g. if either all three top devices or all three bottom devices are switched on, this 
guarantees freewheeling of all three phases regardless of current. 
Phases Switches On Condition Phase A Phase B Phase C 
desired on Voltage Voltage Voltage 
A&B TI, T4 IAýý*IB 0 +Vdc -Vdc 
TI, T4 IA<IB +Vdc 0 -Vdc 
TI, T3, T5 0 0 0 
T2, T4, T6 0 0 0 
B&C T3, T6 IB -'4 C -Vdc 0 +Vdc 
T3, T6 VIC -Vdc +Vdc 0 
TI, T3, T5 0 0 0 
T2, T4, T6 0 0 0 
C&A T5, T2 16ý"IA +Vdc -Vdc 0 
T5, T2 IC<IA 0 -Vdc +Vdc 
T I, T3, T5 0 0 0 
T2, T4, T6 0 0 0 
Table 8.1 Summary of the switching states used for current control and the resulting winding 
voltages. 
A current controller ideally needs three states - one state to apply positive DC link volts, 
one to supply negative DC volts and a third to apply zero volts (freewheel). It can be 
seen from Table 8.1 that these three states can be applied to each of the phases, but with 
the restriction defined in Equation 8.1. The current controller developed using these 
switch states is explained with the following example: 
Phases A and B are desired on and phase C is desired off. This corresponds to the period 
between point I and point 4 in Figure 8.5 which shows measured current waveforms 
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with this method of control. Phase B is in the first half of its conduction period and 
phase A is in its second half. The current that is in the first half of its conduction period, 
in this case phase B, is sampled and the result of this sample is used to determine the 
switch state of the whole bridge. There are three possible switch states to choose from, 
as detailed in Table 8.1, and they are determined as follows: 
If the current is below its current demand, TI and T4 are turned on. One of two 
consequences will then fOllOW- If IA : ý* IB then phase B will receive positive volts and 
phase A will receive zero volts. If IA'ýý 113 then phase A will receive positive volts and 
phase B will receive zero. Thus the currents in the two conducting phases will tend to 
equalise, even though only one of them is being 'controlled'. In either case, with TI 
and T4 switched on, negative DC link volts will be applied to phase C. 
If the current is above its current demand then either turn T2, T4, and T6 on, or TI, 
T3, T5. This will apply zero volts to all three phases. 
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Figure 8.5 Measured low speed current waveforms with DID inverter. 
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In effect this forms the basis for a hysteresis current controller. The same switching 
strategy can be implemented in PWM and this is detailed in Appendix D. The appendix 
explains a slightly more sophisticated method of PWM control that produces a voltage 
output from the inverter with twice the ftequency that the transistors are switching at. 
The waveforms shown in Figure 8.5 are achieved using this PWM control. It can be 
seen that the desired ideal current waveforms of Figure 8.1 are not quite achieved with 
this current control strategy and the reasons for this are explained as follows: 
At point I the current in phase B is sampled. It is below its current demand and therefore 
TI and T4 are turned on. AS IB "ý IA at this point, phase B receives positive volts, phase 
A receives zero volts, and phase C receives negative volts. The effect, that is not 
immediately obvious, is that the current in phase A rises rapidly, even though no volts 
are being applied to it by the inverter. This is due to the mutual coupling between phases 
and the large di/dt that are occurring in the other two phases at this time. If reference is 
made to the idealised variation of mutual inductance with position shown in Figure 2.4 
(Chapter 2), this effect can be predicted. This effect is not nearly so prominent with the 
AHB inverter as at this point it is able to apply a larger amount of negative voltage to 
phase A to keep the current nearly constant (see Figure 5.1 and 5.2 in Chapter 5). 
Unfortunately with this inverter nothing can be done about it - as Equation 8.1 shows the 
voltages that are applied to the windings must sum to zero or be greater than zero. The 
full negative DC link voltage cannot be applied to more than one phase, and in this case 
priority must be given to the phase turning off (phase C in this example). Therefore, 
with zero volts across phase A, the flux linkage only gradually reduces due to the 
resistance of the phase and the voltage drop in the power electronics. Eventually the 
current reduces to the same value as phase B (point 3 in Figure 8.5), and from this point 
on, the positive voltage applied to the machine is shared between these two phases, and 
they are both controlled to the desired values as if they were one. 
A further effect occurs due to the limitation of the voltages that can be applied to the 
windings at any one time. The current in phase B reaches its current demand at point 2 
in Figure 8.5. However, the current in phase C has not reached zero and, as Equation 8.1 
indicates, negative volts cannot be applied to a winding without positive volts being 
applied to one of the other phases. Therefore from this point on negative volts can only 
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be applied to phase C at the same (reduced) rate that positive volts are applied to phase 
B. A tail in the current of the phase turning off inevitably occurs. 
In summary then two deviations from the desired current waveforms occur directly as a 
result of the limitations of the voltages that can be applied by this inverter. The 
following sections will now examine overall drive performance in terms of torque per 
unit copper loss, torque-speed envelope (performance under voltage control) and 
inverter rating (device losses, peak current and volts). 
8.3.3 Drive Performance 
8.3.3.1 Measurement Techniques 
Comparisons between the drives in terms of inverter losses and machine performance 
are made on the basis of real time measurements and calculations made by the DSP. 
Details of the arrangement are described in Appendix C. Currents and position are 
sampled every PWM period (i. e. every 100ps) and this is used with a lookup table to 
estimate the instantaneous torque produced. Calculations such as average torque, copper 
loss, torque ripple and device losses are displayed directly on the PC via a serial link and 
are averaged over several electrical cycles. Waveforms are also captured and 
downloaded to the PC. All waveforms shown are therefore subject to I 00gs sampling. 
8.3.3.2 Low Speed Operation 
Figure 8.6 details the differences between the two inverters in terms of current, flux 
linkage, equivalent single tooth current, equivalent single tooth flux linkage and torque 
at low speed. Both have the same current demand of 9.1 A at the same speed of I OOrpm, 
although slightly different values are actually achieved due to differences in the current 
controller gains achievable. The flux linkage waveforms show clearly the differences in 
voltages that can be applied to the windings. The shape of the equivalent single tooth 
current is of interest as this is used to calculate the torque produced by each stator pole 
and hence total machine torque. This shows that a small tail in the current at turn off 
now occurs with the DID inverter. The effect on machine performance therefore is not 
significant as the tail actually produces a net positive torque, and the additional copper 
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losses are small. Table 8.2 shows a comparison of torque and copper losses for the two 
drives at low speed. 
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Figure 8.6 A comparison of phase current, flux linkage, equivalent single tooth current, 
equivalent single tooth flux linkage and torque between the AHB and DID inverters at I OOrpm 
with Vd,, =290V. Phase currents are measured, and all other waveforms are calculated 
(equivalent single tooth current and flux linkage shown inverted for clarity). 
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Inverter Type Torque 
(Nm) 
Copper Loss 
(W) 
Torque per Unit Copper Loss 
(mNm/W) 
AHB 26.3 296 88.9 
DID 27.8 319 87.25 
Table 8.2 Comparison of torque and loss with the AHB and DID inverters. Prototype machine 
(D 100 frame), I OOrpm, Vdc=290V, I&m=9.1 A. 
8.3.3.3 High Speed Operation 
Figure 8.7 shows a comparison between the AHB and DID inverters at 675rpm with a 
DC link voltage of 290V and a current demand of 9.1A. This is the equivalent of 
1350rpm with 580V and therefore corresponds to the base speed of the machine (the DC 
link voltage was halved so that performance at twice base speed could be measured 
without over-speeding the DC load machine). Figure 8.8 shows the corresponding 
waveforms at twice base speed. In all cases advance angle is optimised for maximum 
torque production and in the case of the AHB inverter conduction angle is also 
optimised. 
These results show that the waveforms produced are broadly similar and therefore the 
torque-speed curve can be expected to be very similar. It can, however, be seen that the 
AHB drive is able to make the phases conduct for slightly longer, almost going in to 
continuous conduction at twice base speed. This is especially apparent in the equivalent 
single tooth currents, and therefore explains the torque-speed curve shown in Figure 8.9. 
Machine copper loss versus speed is shown in Figure 8.10, and torque per unit copper 
loss versus speed is shown in Figure 8.11. Both of these curves are for the torque-speed 
curve of Figure 8.9. It can be seen that torque per unit copper loss is basically the sarne 
at low speed. At high speed torque per unit copper loss is slightly lower with the AHB 
inverter. This is because this drive is achieving the extra torque by going almost into 
continuous conduction and this results in a significant rise in copper loss for the extra 
torque achieved. 
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Figure 8.7 A comparison of phase current, flux linkage, equivalent single tooth current, 
equivalent single tooth flux linkage and torque between the AEB and DID inverters at 675rpm 
with Vd,. =290V. The phase currents are measured and all other waveforms are calculated from 
them (equivalent single tooth current and flux linkage shown inverted for clarity). 
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Figure 8.8 A comparison of phase current, flux linkage, equivalent single tooth current, 
equivalent single tooth flux linkage and torque between the AHB and DID inverters at 1350rpm 
with Vdcý290V. The phase currents are measured and all other waveforms are calculated from 
them (equivalent single tooth current and flux linkage shown inverted for clarity). 
213 
60 120 180 240 300 360 420 480 540 600 660 720 
Chapter 8- NEW INVERTER TOPOLOGIES FOR UNIPOLAR OPERATION 
30 ---------- 
25 - ------------------------------- 
20 
liý 
15 
DID Inverter 
AHB Inverter 
------------- ------------- 
10 ------- -------- ---- - ------- ---- ----- -------- ------------ - ------------ 
---------------------------------------- -------------- 5 
0 
o 200 400 600 800 1000 1200 1400 1600 
Speed (rpm) 
Figure 8.9 Torque-speed characteristics with 1&. ---9.1 A, Vd, =290V. 
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Figure 8.10 Copper loss with the AHB and DID inverters for the torques shown in Figure 8.9. 
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Fig. 8.11 Torque per unit copper loss for the AHB and DID inverters for the torque shown in 
Fig. 8.9. 
8.3.3.4 Inverter Loss Comparison 
Figure 8.12 shows a comparison of current conduction paths with two phases 
conducting in the fully pitched winding machine. One phase has volts applied to it, and 
the other is freewheeling. Figure 8.13 shows the same but with both phases 
freewheeling. This comparison shows that the number of devices conducting at any one 
time is significantly reduced. 
Actual inverter loss is estimated by the DSP in real time. This uses knowledge of the 
phase currents and the switch state to calculate the device currents. Simple linearised 
models of conduction and switching loss (including IGBT tail currents and diode 
reverse recovery effects) are then used to calculate losses for the IGBTs, fast recovery 
diodes and standard recovery diodes (i. e. the 'interphase' diodes). Total inverter loss over 
the whole speed range was collected and is shown in Figure 8.14. Losses in the 'main' 
inverter i. e. the IGBTs and fast diodes are more important as their cost is much greater 
than the interphase diodes. Therefore two curves are shown with and without the 
interphase diode loss. 
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As predicted by the analysis of conduction paths, inverter loss is halved at low speed in 
the main part of the inverter due to the fact that only half the number of switches need to 
conduct (at low speed by far the largest majority of time is spent in the freewheeling 
state shown in Figure 8.13). Device duty cycle and therefore device losses are now 
approximately the same as in a short pitched winding machine being driven by an AHB 
inverter. This is achieved while having no adverse effect on machine performance. 
At high speed there is an even larger beneficial effect. Inverter losses in the main bridge 
are reduced to approximately one quarter that of the AHB inverter. This is explained by 
Figure 8.15, which compares transistor currents with phase currents at twice base speed 
i. e. under full voltage control. Consider the period between 00 and 120'. During this 
period with an AHB inverter the transistor current would be equal to the phase current. 
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Figure 8.12 A comparison of conduction paths in the two inverters with voltage applied to the 
phases, assuming I=IAýIB. Conduction path shown in red, non conducting shown grey. 
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Figure 8.13 A comparison of conduction paths in the two inverters during one of the 
freewheeling states, assuming IýIAýIB, Conduction path shown in red, non conducting shown 
grey. 
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With the DID inverter, however, the transistor current is the difference between two 
phase currents. So during this period the current in transistor I (Itl) is equal to the 
difference between IA and Ic, which results in the current being substantially less than 
the phase current. In other words, when a phase turns off it is able to feed directly into 
the next phase via the interphase diodes. This substantially reduces the amount of energy 
that has to be extracted from a phase at turn off via the fast recovery diodes, and then 
conducted back into the next phase turning on via the transistors. 
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A comparison can now be made with the short pitched winding machine, driven by the 
AHB inverter. Figure 6.9 in Chapter 6 showed that, for the same torque-speed curve, 
inverter loss with unipolar operation of the fully pitched winding machine driven by an 
AHB inverter was approximately double over the whole speed range. It can now be 
seen, therefore, that a fully pitched winding machine with the DID inverter has 
approximately the same inverter losses at low speed as the short pitched winding 
machine, and at high speed the losses are approximately one half This is achieved at the 
same time as maintaining the advantage the fully pitched winding machine has in terms 
of machine efficiency. 
8.3.3.5 Inverter Peak VA Comparison 
Figure 8.9 showed that for the same current demand and the same DC link voltage the 
DID inverter produces approximately the same torque-speed envelope as the AHB 
inverter while significantly reducing device losses. Therefore, if the inverter were to be 
rated in terms of peak voltage and current then approximately the same size devices 
would be required, compared to the AHB inverter, for both the fully pitched and short 
pitched winding machines. 
At low speed the phase current exceeds the current demand, due to the commutation of 
the phases. Examination of the transistor currents, however, reveals that this 
commutation spike is not actually seen by the inverter, and consequently device currents 
do not exceed the current demand. Figure 8.16 shows the current in transistors TI and 
T2 compared to the phase currents at low speed. Note that the machine is in current 
control at this speed, and so the switch state of the inverter changes between the "on" 
state and both of the freewheel states during each PWM period (see Table 8.1 for the 
switch states). The waveforms plotted for the transistor currents are the peak values 
during each PWM period - it therefore represents peak transistor current, but not RMS 
transistor current. As with high speed operation, the current that each transistor sees is 
the difference between two of the phases. The current, for example, in TI is the 
difference between IA and Ic. Therefore, during phase commutation, the tail in the 
current of phase C exactly cancels with the spike in the current of phase A. The result is 
that the transistors do not see a current in excess of the demanded current. 
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Figure 8.16 Phase currents and transistors currents at low speed for the DID inverter. Transistor 
currents are shown are the peak current during a PWM period. 
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8.4 Delta Connection with Phase Diodes (DPD) 
8.4.1 Inverter Description 
This is a conventional three phase bridge in a delta connection, with the addition of a 
diode in series with each phase. The function of the diodes is to ensure only 
unidirectional phase currents flow; without them an AC phase current would be 
inevitable because the phase voltages must sum to zero in a delta circuit. If this circuit is 
rearranged, as shown in Figure 8.18, it reveals itself to be very similar to the DID 
inverter. The only difference is the position of the extra three diodes. Initially unknown 
to this research, this topology seems to have also been developed independently by two 
other separate sets of researchers for the short pitched winding SR motor: Davis via a 
patent application in 1995 [8.6], and researchers in the USA, who disseminated the same 
converter circuit in a Small Machines Manufacturers Association (SMMA) seminar in 
19951. 
The advantage of this circuit is that it can run from a completely standard three phase 
bridge. This allows the use of standard motor drive power electronic modules that 
commonly contain the complete three phase bridge, rectifier, brake circuit, current and 
temperature sensors. If the phase diodes are placed in the terminal box of the motor then 
only three wires are needed between the inverter and the motor rather than six - this can 
I Private communication from Mr. DF Warne. This work is not in the public domain, so its extent is unknown. 
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be an important consideration in some applications where the motor can be tens of 
metres away from the inverter. This does assume that current control can be achieved 
with sensors placed at the inverter end, otherwise the object would be defeated. Current 
sensing methods to achieve this will be discussed later in the chapter. 
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Figure 8.18. The delta (DPD) inverter redrawn for comparison to Figure 8.17. 
Another consideration is that dead time control is needed to prevent shoot through. This 
is, however, a common requirement in inverters and is relatively simple to implement 
without additional cost. It does not affect the choice of short circuit rated or non short 
circuit rated silicon. Short circuit rated devices' primary function is to protect the silicon 
in the event of a motor winding failure or earth fault and allows time for the control 
circuit to detect this situation, and shut down the drive. If there is no advantage of this 
feature in a given application then non short circuit rated devices are used, even in three 
phase bridge circuits, as they are generally more efficient and therefore have higher 
current ratings. 
As with the DID inverter, a simple assessment of potential performance can be carried 
out by examining any restrictions that this inverter has in terms of the voltages that are 
available to apply to the windings. With any delta circuit the sum of the voltages applied 
to the windings must be equal to zero. This differs slightly from the DID inverter where 
the sum of the phase voltages has to be zero or greater than zero. The control method, 
however, that was used with the DID inverter did not utilise a switch state with positive 
DC voltage applied to all three phases at the same time. It therefore follows that both 
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inverters can use a very similar control strategy and achieve very similar results in terms 
of machine and inverter performance. 
8.4.2 Drive Performance 
This inverter configuration was implemented in the same test rig as the DID inverter and 
performance in terms of machine efficiency, torque-speed envelope for a fixed current 
demand, and inverter loss were assessed. All results were, in all practicality, identical to 
the DID inverter as predicted by the theory. 
It should be noted, however, that it may be possible to exploit the DID's ability to have 
the phase voltage sum greater than zero. With a suitable control strategy, a net DC 
voltage could be applied to each winding which would result in the current in a phase 
never returning completely to zero. This may well have the effect of increasing torque at 
high speed for a given inverter VA rating at the expense of machine efficiency. 
8.5 Asymmetric Half Bridge with Interphase Diodes 
8.5.1 Inverter Description 
This topology is simply three asymmetric half bridges with diodes connected between 
phases to allow two phases to conduct using only two switches (see Figure 8.19). It is 
very similar to the DID inverter except for the position of the freewheel diodes which 
are no longer directly in antiparallel with the transistors. 
In terms of the voltages that can be applied to the windings, the situation is similar to the 
DID inverter i. e. the sum of the phase voltages must be zero or greater than zero. 
Performance can therefore be expected to be the same as the DID and DPD inverters, 
although this topology was never actually tried in practice on the test rig. 
The potential advantage of this topology is that total inverter loss should be reduced. 
This is because in the freewheel state the current only has to conduct through one 
switch, one freewheel diode and one interphase diode. With the other two topologies 
two interphase diodes need to conduct. This however is only of marginal benefit as the 
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interphase diodes are relatively low cost compared to the switching devices and fast 
recovery diodes. The disadvantages with this circuit are that six wires are needed 
between the inverter and the motor and the advantage of having the switching devices 
and diodes in full antiparallel is lost. 
Figure 8.19 Asymmetric half bridge with interphase diodes topology. 
8.6 Current Sensors 
The waveforms shown in the previous sections of this chapter were achieved using a 
PID current controller operating from sensors measuring phase current. It would be 
advantageous with the DPD topology to mount the phase diodes in the motor, as this 
would mean that only three power connections would be required to link the inverter to 
the motor. The problem with this is that the phase current sensors would also need to be 
located in the motor. A much more convenient and cost effect solution would be to 
control the machine using sensors located in the inverter. Three schemes were 
developed - sensing of line currents, inverter leg currents, and DC link current. Over the 
next few sections the impact of the schemes on current controllability and hence 
performance will be discussed. 
8.6.1 Control with Line Current Sensors 
The wavefonns shown in Figure 8.20 are for the DPD inverter, controlled with two line 
current sensors. This is achieved as follows. To work as before, the controller needs to 
sample one phase current during each third of the electrical cycle and control it to the 
demanded value. The problem is that the line currents are by deflinition the difference 
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between two phase currents, so the required phase current cannot be determined directly. 
Fortunately, it will be seen that during each third of the electrical cycle one of the line 
currents equals the phase current that is desired to be controlled. 
Figure 8.20 shows line current ILI,, which is the difference between IA and Ic. It can be 
seen that for the period that this is positive, i. e. one third of the electrical cycle, it equals 
the current in phase B. Consequently, during this time, ILI can be used to control the 
phase currents A and B to their demanded values. This is made possible because during 
the majority of this period the phase current Ic is zero, and therefore the line current ILI 
becomes simply equal to IA. There is a period where Ic is not zero because it is still in 
the process of turning off. However, as with the DID inverter, the transistor currents are 
the difference between two of the phase currents - the commutation spike in phase A 
and the tail in phase C cancel out, and the transistor current (i. e. the line current) 
remains equal to phase B. 
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Figure 8.20 Measured current waveforms with current control using line current sensors. 
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During the remaining two thirds of the electrical cycle the other two line cuffents are 
used as appropriate. A benefit of this system is that only two line currents sensors are 
required - the third current can always be calculated, as the line currents must always 
sum to zero. This method of control has been implemented on the test rig and the 
resulting current waveforms are near identical to direct phase current sampling over the 
whole speed range. 
8.6.2 Control with Shunt Resistors in Each Inverter Leg 
It is common practice in smaller inverter drives, especially SR motor drives, to measure 
current using shunt resistors. This is possible when currents are low enough to obtain a 
good voltage output without dissipating large amounts of power. They can be lower cost 
due to the fact that voltage isolation is no longer necessary between the sensors and the 
controller (assuming the controller can be referenced to the negative DC bus). With the 
DID and DPD inverters, control with a current shunt in the bottom of each leg of the 
bridge is possible, but with some restrictions on when currents can be sampled. This is 
because current flow sometimes only occurs in one of the lower sections of a leg, 
meaning that the line current needed for control purposes cannot be measured directly or 
calculated. Interestingly, the restrictions on when the correct current can be sampled 
depend on the direction of rotation of the motor. In one direction it is possible to 
measure the desired line current in one of the freewheeling states and in the "on" state. 
In the other direction it is only possible to measure the current in one of the freewheel 
states. In this situation it is therefore impossible to apply full voltage to a winding 
continuously at the commutation points and sample currents at the same time. 
If the shunt resistors are placed in the upper half of the bridge legs, i. e. referenced to the 
positive DC bus, then the problem is overcome as the current desired to be measured 
always flows in one of those devices regardless of motor direction. The only exception 
to this is one of the two freewheel states. 
8.6.3 Control with a DC link Shunt Resistor 
Current control using only one DC link current sensor is highly desirable, as this 
minimises cost and power dissipation. In addition, voltage isolation between the sensor 
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and the controller is not necessary. It is also common practice for semiconductor 
manufacturers to incorporate DC link sensors in power modules for overcurrent 
protection, and therefore the sensor is often already available. 
As an example, Figure 8.21 shows the currents that flow in the DC link with phases A 
and B excited in the fully pitched winding machine. First consider the situation when the 
transistors are in a state when a positive DC link voltage is being applied to the excited 
phases i. e. with T1 and T6 switched on. In this situation, assuming IA > IB, the current 
in the DC link becomes equal to IB-Ic. Inspection of Figure 8.5 reveals that this current 
will not be constant during the period when phases A and B are excited due to the tail in 
Ic as it turns off. Therefore, if the line current IB-IC is controlled to a fixed current 
demand during this period, the resulting phases currents will differ from those achieved 
using line current sensors. 
The resulting measured waveforms are shown in Figure 8.22. The tail in the current at 
turn off of phase C is, in effect, added to the current in phase B. Notice that the current 
IB-IC (ý-ILO is now flat topped during the period with phase A and B conducting, as that 
is the parameter now being controlled. The line currents, and consequently the 
transistors, also see a higher peak current due to the overshoot in the phase currents at 
turn on. A further consequence of this is that the commutation spike in the middle of the 
phase conduction period becomes larger due to the mutual coupling between phases. 
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Figure 8.21. Current flow with phases A and B desired on, TI and T6 on, 
IA > 113 > IC. 
Conducting parts of the circuit are shown in blue. 
226 
Chapter 8- NEW INVERTER TOPOLOGIES FOR UNIPOLAR OPERATION 
15 -- 
la 10 
(A) 5 
0 
0 60 120 180 240 300 360 
15 -- 
lb 10 -- 
(A) 5 
0 
0 60 120 180 240 300 360 
15 -- 
Ic 10 
(A) 5 
0 
0 60 120 180 240 300 360 
15 -- 
10 
-113 
(A) 
0 
-5 L 
=60 
120 180 240 300 360 
-10 
-15 
15 
11 10 
5 
(A) 
0 
0 60 120 180 240 300 360 
35 -- 30 
25 
20 
- 10 0 E5 
0 
0 60 120 180 240 300 360 
Rotor position (electrical deg) 
Figure 8.22. Fully pitched winding waveforms at 200rpm with DC link sensor control. 
Ide. =8.8A, Vd, =290V. Phase currents IABc measured, line current ILI and total machine torque 
calculated. 
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The overall effect on the power electronic rating and the motor efficiency are in fact 
quite small and it is quite realistic to control this inverter drive with this single current 
sensor. The actual current demand for the same torque is reduced from 9.1 A to 8.9A, 
however peak device current is 11.3A as the commutation spike no longer cancels with 
the turn off tail current. Machine torque per unit copper loss is now 84.4mNm/W at low 
speed and Table 8.3 summarises a comparison with the other inverters/sensing 
arrangements already discussed. As the machine approaches base speed and beyond the 
phase current waveforms become more and more like the waveforms with phase sensor 
control. Figure 8.23 shows there is no difference at base speed between DC link sensor 
control and line sensor control. The efficiency at rated power and the torque-speed 
envelope is therefore the same. DC link sensor control is equally applicable to the DID 
inverter. 
Inverter Type Torque Loss Torque Per Unit Copper Loss 
(Nm) M (mNm/W) 
AHB 26.3 296 88.9 
DPD/DID 
27.8 319 87.25 
(with phase sensors) 
DPD/DID 
27.3 324 84.4 
(with DC link sensor) 
Table 8.3 Comparison of torque and loss with the AHB, DID and DPD inverters. Prototype 
machine, I OOrpm, Vd, =290V, Idn--9. IA (except DID with DC link sensor 1&-, =8.9A). 
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Figure 8.23. Comparison of phase currents at base speed with line sensor control and DC link 
sensor control. 
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It is worth noting that the currents are never out of control, but it is not possible to 
control them to their exact desired waveshape using a constant level of current demand 
on the parameter that can be sampled. It may well be possible to predict the value of the 
tail current and therefore compensate the current demand by the appropriate amount to 
achieve the desired phase currents. 
There are restrictions on when the desired current can be sampled. This is more simple 
than before, as it does not depend on the direction of rotation of the motor - the current 
can only be sampled in the "on" state i. e. when there is a current flowing from the DC 
link capacitor to the inverter. 
8.7 Inverter Rating and Torque Per Unit Copper Loss 
Tradeoffs 
Figures 8.24 and 8.25 summarise the relative differences in machine and inverter 
perfon-nance and low speed and base speed, respectively. This is the same graph as 
discussed in Chapter 6, with the addition of results for the DID and DPD inverter with 
phase, line, and DC link sensor control. 
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Figure 8.24. Relative inverter size versus relative torque per unit copper loss at low speed. 
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The figures shown in Figures 8.24 and 8.25 are based on the following assumptions: 
Torque per unit copper loss and for the DID and DPD inverters are based on data 
from Figures 8.9 and 8.11. There are differences in the torque-speed curves and no 
account of this has been taken in these comparisons. 
Similarly, inverter peak VA and loss figures are based on the same torque-speed 
curve. 
* Inverter rating does not include the additional 3 diodes. These diodes do not need to 
be fast recovery types as the others do, and therefore they are relatively low cost. 
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Figure 8.25. Relative inverter size versus relative torque per unit copper loss at base speed. 
8.8 Inverter Rating Comparison with the Induction Motor 
Several authors have in the past made inverter rating comparisons with induction motors 
as a means of gauging the relative size and cost of the power electronic components 
with other motor drive types. Miller [8.71, Ray et al [8.81 and Harris et al [8.9] have, for 
example, made these comparisons in terms of both peak inverter VA and rms currents. 
Various inverter topologies have been proposed and analysed, however, they all differ 
from the three phase bridge topology used by the induction motor. The DPD topology, 
on the other hand, now enables the closest comparison possible of a unipolar excited SR 
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motor versus the bipolar excited induction motor. Details of such a comparison have 
been given in [8.10], and the results from this are summarised below. 
The evaluation was based on a simulation of the induction motor and experimental 
results from the fully pitched winding SR motor (the same motor and test rig and 
described in this thesis). The induction motor was operating in PWM with a modulation 
depth of 1.15 at base speed. Fundamental output current = 6.6A, power factor = 0.85, 
machine efficiency = 0.85, DC link ripple voltage = ±10%, machine output power 
3kW (accounting for efficiency). 
Comparison in terms of peak VA 
Induction Motor: Ipk: -- 9.33A, Vdc=585V, therefore inverter rating = 10.92kVA/kW. 
Fully pitched Winding SR Motor: Idem -":: 9.1 A, however actual peak current was 9.76A in 
the upper device of each inverter leg and 8.42A in the lower. Two figures can therefore 
be calculated i. e. 11.4kVA/kW and 9.85kVA/kW. 
Comparison in terms of peak VA 
Induction Motor: I,., = 4.46A, I.,. = 2.63A 
Fully Pitched Winding SR Motor: - I,., = 4.43A (upper) I"", =3-67A (lower), 
(upper) = 2.38A, I., a,, (lower) = 1.81A. 
The above figures show that very similar inverter ratings are required for two very 
different three phase machines driven by near identical inverter topologies. 
8.9 Dead Time Effects 
When using the DPD inverter with the three phase bridge, dead time control is needed to 
prevent an upper and lower device being on at the same time. The effect of this dead 
time on the phase current is shown in Figure 8.26. Here the current is being controlled 
with phase current sensors. The effect of the dead time is to bring the commutation spike 
down faster than it would have done, and to worsen the tail current at turn off. This is 
because, for the period of the dead time, negative volts are being applied to the 
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commutation spike rather than the tail current. There is a subsequent effect on the 
equivalent single tooth phase currents as well as the line currents. It would be desirable 
to remove this effect, as there will be inevitably be a degree of worsening of torque per 
unit copper loss. In addition, if the inverter was now to be controlled with line current 
sensors, rather than phase current sensors, then the result would be an overshoot in the 
phase current waveform. This would be of the same magnitude as the dip in the line 
current waveform shown in Figure 8.26. 
A scheme to remove this effect was developed. This uses compensating terms that are 
added to the PWM voltage reference. The scheme is simple to implement and only uses 
a few lines of code in the controller. Figure 8.27 shows current waveforms under exactly 
the same conditions as Figure 8.26 except with the compensation scheme in operation. It 
can be seen that with the correct level of compensation the dead time effect can be 
completely removed. Details of the dead time compensation method are described in 
Appendix D. 
12.5 
10 
7.5 
(A) 5 
2.5 
0 
0 60 120 ISO 240 300 360 420 
10 -- 
1,7.5 
5 
(A) 2.5 
0 
0 60 120 180 240 300 360 
10 
7.5 
5 
2.5 
(A) 
0 
-2.5 60 120 180 240 300 
ýý3; 
60 
-5 
-7.5 
-10 
Rotor position (electrical deg) 
Figure 8.26 The effect of 4ps of dead time on current wavefonns with the DPD inverter. 
Id,:. =9. I A, VdC=60OV. 
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Figure 8.27 The measured effect of dead time compensation on current waveforms with the 
DPD inverter. Dead time 4gs, Id,, n--9. I A, Vdc=60OV. 
8.10 Control Loop Stability 
Results from the test rig showed that with both the DPD and DID inverters control 
bandwidth could be significantly increased. It was found that the proportional gain on 
the PID controller could be increased by a factor of three. As discussed in Chapter 6, the 
asymmetric half bridge (AHB) inverter has its own independent control loop on each 
phase. The fully pitched winding machine has very strong mutual coupling between 
phases, so the result is that a change in output of one of these control loops will 
potentially cause a disturbance in the control loop on another phase. it was found that 
the fully pitched winding machine needed to have its proportional gain reduced by a 
factor of 2.5 compared to the short pitched winding machine to maintain control loop 
stability. To achieve good current control with a digital control system, then, would 
require an increase in control loop frequency and hence possibly cost. 
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The difference with the DPD and DID inverters is that there is only one control loop for 
the whole bridge. There is therefore no adverse interaction between different control 
loops. In addition, with the current control method described, there is always a natural 
tendency for the two phases that are desired to conduct to naturally equalise their 
currents. If one phase has less current than the other, then it will naturally receive full 
positive DC link volts first until the two phases equalise their currents. 
It was also found that the integral gain could be increased to a great extent, mostly 
because the control loop no longer sees the commutation spike in the middle of the 
conduction period. This is because control only takes place on the first half of the 
conduction period of a phase and therefore stops just before the commutation spike 
occurs. 
8.11 Summary 
Three novel power electronic topologies have been proposed and investigated with the 
aim of reducing inverter loss with unipolar operation of the fully pitched winding 
machine. It has been demonstrated that in theory all three inverters should have the 
ability to supply the necessary currents during low speed operation and apply the 
necessary voltages during high speed operation. This theory implies that the torque- 
speed envelope of the motor drive will be similar to the asymmetric half bridge with the 
same current demand and the same DC link voltage. 
The test rig has been used to demonstrate two of the inverters, namely the DID and DPD 
inverters. A control method has been developed which 'connects' two of the desired 
phases in series to achieve the desired objective of controlling two phases at once with 
only two switches. This is in contrast to the four switches that need to conduct in the 
asymmetric half bridge topology. 
The results have shown that the torque-speed curve and torque per unit copper loss are 
very similar to the AHB. At the same time inverter losses have been shown to be 
approximately one half at low speed and one quarter at high speed. The latter has been 
demonstrated to be the result of being able to feed current from the phase turning off 
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directly in to the next phase turning on. This reduces even further the rms currents that 
the transistors and freewheel diodes have to conduct. With these inverters the fully 
pitched winding machine is now able to achieve its gain in machine efficiency without 
an increase in inverter rating. 
Current sensing schemes have been investigated, including control with three phase 
sensors, two line sensors, three inverter leg shunts, and one DC link shunt. The tradeoffs 
in terms of drive performance versus cost have been discussed. Line current sensing 
with the DPD inverter enables the motor to be situated remotely, with only three power 
connection between the two. The main part of the inverter is a standard three phase 
bridge which would facilitate the use of standard motor drive power electronic modules. 
In addition, only two line sensors are required as the third can be calculated. The main 
drawback is that the phase diodes need to be mounted in the motor (most likely in the 
terminal box). 
DC link sensor control is a particularly interesting option for low cost as only one sensor 
is required, which does not necessarily need isolation if the controller is referenced to 
the negative side of the DC link. It can be used with either the DPD or DID inverters. 
Torque per unit copper loss and inverter rating have been shown to be only slightly 
affected with this sensing method. 
It was found that control loop stability could be substantially increased due to the fact 
that the whole bridge is being controlled by only one current control loop. This solved 
the problem of the three separate control loops (one on each phase) in the AHB inverter 
continually introducing disturbances in to each other's system due to the strong mutual 
coupling between phases. Proportional gain could be increased by a factor of three, 
thereby significantly improving current waveshape. 
Dead time was found to have a detrimental effect on current waveshape as during the 
period of the dead time incorrect voltages are applied to the windings. A method to 
overcome this has been demonstrated on the test rig. This involves adding appropriate 
compensating values to the PWM duty cycles and it has been shown that with the 
correct values the effect is completely overcome. 
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Chapter 9-A NEW INVERTER TOPOLOGY FOR THE 
SHORT PITCHED WINDING MACHINE 
9.1 Introduction 
The delta type inverters described in Chapter 8 can also be used with short pitched 
winding SR machines. The delta with phase diodes inverter (DPD) in particular will be 
examined, as this offers the benefit of being able to use the standard three phase bridge 
topology. This enables the use of standard motor drive modules intended for induction 
motor drives. As current sensors are commonly already contained in these modules, 
current sensing methods will be examined to see how these can be utilised. 
The ideal currents and voltages that are required by the short pitched winding machine 
will be examined to demonstrate the theoretical suitability of this type of inverter. Drive 
performance was evaluated on the test rig with the same controller and inverter as the 
fully pitched winding machine, except with a standard Allen West D132 12-8 SRM. 
Results for inverter and machine performance will be presented in tenns of torque-speed 
characteristics, inverter loss, and peak VA ratings. 
9.2 Theoretical Analysis 
9.2.1 Description of the DPD Inverter 
Figure 9.1 shows the DPD inverter. It consists of a conventional three phase bridge in a 
delta connection, with the addition of a diode in series with each phase. The function of 
the diodes is to ensure only unidirectional phase currents flow; without them AC phase 
currents would inevitably have to flow, because the phase voltages must sum to zero in a 
delta circuit. This topology is exactly the same as that used with the fully pitched 
winding machine. 
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Figure 9.1 Delta connection with phase diodes. 
9.2.2 Ideal Current and Voltage Waveforms 
Figure 9.2 shows the ideal currents at low rotor speed for the short pitched winding 
machine. The line current that would be needed from the three phase bridge is also 
shown. This demonstrates that this type of inverter will be able to conduct the required 
phase currents at low speed without any problems such as high peak transistor currents. 
Unlike the fully pitched winding machine, only one phase conducts at a time i. e. the 
phase conduction period is 1200. This means that with the asymmetric half bridge 
inverter (AHB) only two transistors are needed to control the machine at any one time 
(c. f. the four that are needed with the fully pitched winding machine). With the proposed 
delta type circuit two transistors will still be needed, so there will be no fundamental 
improvement in device duty cycle, as can be achieved with the fully pitched winding 
machine. 
It should be noted that the short pitched winding machine can be controlled in a variety 
of ways in terms of the phase conduction angle. The method shown in Figure 9.2 is 
probably the most common and yields the highest torque to loss ratio. It is possible to 
increase the conduction period from 120' up to 180' which increases torque output 
slightly for a given current demand, and it also reduces torque ripple, but this is at the 
expense of greatly increased copper loss. 
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The ideal phase voltages required at high speed are shown in Figure 9.3. The voltage 
VLI is also shown, and this is the voltage that would be required from one of the outputs 
of the three phase bridge. This shows that it will be possible at high speed to apply the 
correct voltages to the windings to produce the 1200 conduction period. This analysis 
demonstrates, however, that it would not be possible to increase the phase conduction 
period beyond 120', as the required VLI could not be achieved without greatly 
increasing the DC link voltage. Another way to look at this is that with any delta circuit 
the sum of the phase voltages must be zero, so that the full volts cannot be applied to all 
the phases at once. 
it 
12 
13 
ILI 
Figure 9.2 Ideal phase and line current waveforms under current control. 
VI 
V2 
V3 
VLI 
Figure 9.3 Ideal phase and line voltage waveforms at high speed (shown here with no phase 
advance for direct comparison with Figure 9.2). 
238 
120 240 360 480 600 720 
Rotor position (electrical deg) 
0 120 240 360 480 600 720 
Rotor position (electrical deg) 
Chapter 9-A NEW INVERTER TOPOLOGY FOR THE SHORT PITCHED WINDING MACHINE 
9.3 Inverter Operation 
Control is very similar to that of the fully pitched winding machine with this inverter. 
The only difference is that the switching states are changed slightly so that one phase is 
excited rather than two. Table 9.1 shows the switching states that are used to control this 
machine. For each phase that is desired to conduct there are three basic states: 
1) The first applies positive volts to the phase that is desired to conduct. Negative volts 
are automatically applied to whichever of the other two phases has the greatest current 
i. e. the phase that is turning off would usually receive the negative volts, as the current 
in the phase that is already off should be zero. This therefore achieves the desired aim of 
turning one phase on, one phase off, and applying nothing to the third phase. 
2) The other two states will both freewheel all the phases. Both of these states should 
ideally be used alternately to spread losses as evenly as possible between devices. 
Phase Switches Condition Phase I Phase 2 Phase 3 
desired on On Voltage Voltage Voltage 
I TI, T4 13 12 +Vdc 0 -Vdc 
TI, T4 12 13 +Vdc -Vdc 0 
TI, T3, T5 None 0 0 0 
T2, T4, T6 None 0 0 0 
2 T3, T6 11 ý> 13 -Vdc +Vdc 0 
T3, T6 13 > 11 0 +Vdc -Vdc 
TI, T3, T5 None 0 0 0 
T2, T4, T6 None 0 0 0 
3 T5, T2 11 >12 -Vdc 0 +Vdc 
T5, T2 12 > 11 0 -Vdc +Vdc 
TI, T3, T5 None 0 0 0 
T2, T4, T6 None 0 0 0 
Table 9.1 Summary of the useful switching states for current control and the resulting winding 
voltages. 
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These switching states can be applied to the machine in PWM in a very similar way to 
the method described in Appendix D. The duty cycle for the PWM is generated from a 
PID controller. This works by sampling the current of the phase that is desired to 
conduct and comparing it to a fixed current demand. The voltage reference output (or 
duty cycle) from the PID control loop is simply based on the error between this fixed 
reference and the sampled current. So the overall effect is that the phase that is desired 
to conduct is controlled directly by the control loop and will receive positive volts 
accordingly. The voltages that are applied to the other two phases are the exact negative 
of this voltage, and whichever of these other two phases has the greatest current will 
receive this negative voltage. 
9.4 Drive Performance 
Performance was measured on the test rig using a standard Allenwest 7.5kW 12-8 SR 
motor in a D132 frame size. Rated torque output is 48Nm at 15OOrpm. Static torque 
measurements had been previously measured for this machine and these were used by 
the DSP as a basis for estimating machine electrical torque output from knowledge of 
the phase currents and position. 
9.4.1 Low Speed Performance 
Figure 9.4 shows the phase current waveforms that result from the current control 
method described in the last section. It can be seen that the waveforms do deviate from 
the ideal ones shown in Figure 9.2, and this is explained as follows: 
e At point A phase I is desired to turn on and phase 2 is desired to turn off. Therefore 
the control applies the state with transistors TI and T4 switched on. Positive volts are 
applied to phase 1, and because the current in 2 is greater than that in 3, negative 
volts are naturally applied to phase 2. 
At point B the current in phase I reaches its current demand, and therefore current 
chopping is required. At this stage phase 2 has not yet turned off, but negative volts 
can only be applied to it at the same rate as positive volts are applied to phase 1. This 
is now at a reduced rated because phase I has reached its current demand. A tail in 
the current at turn off therefore occurs. 
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The effect of the phase diodes can also be seen - they block voltage from the time that a 
phase turning off reaches zero current, and the time the next phase turns on. If the 
diodes were removed then the phase current would become an AC rather than a DC 
wavefonn. 
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Figure 9.4 Measured phase current, line current and torque waveforms at 200rpm with the DPD 
inverter. V&=290V, Id,, n= 22.4A. Current waveforms measured (sampling everylOOgs), torque 
waveform calculated from static torque curves. 
241 
Chapter 9-A NEW INVERTER TOPOLOGY FOR THE SHORT PITCHED WINDING MACHINE 
Interestingly, the shape of this phase current with its characteristic tail is the same as the 
equivalent single tooth current of the fully pitched winding machine when run from the 
same inverter (see Figure 8.6 in Chapter 8). In other words the shape of the torque 
produced by each stator pole is the same. 
In terms of machine performance at low speed there is almost no difference between the 
DPD and the AHB inverters using the same current demand and the same DC link 
voltage. This assumes that conduction angle with the AHB inverter is 120' (which 
achieves the best torque to loss ratio). Torque output with Idem"": 22.4A was calculated 
from static torque curves to be 71.4Nm with the ABB inverter, and 72.5Nm with the 
DPD inverter. Torque per unit copper loss is the same to within less than 0.5%. 
9.4.2 High Speed Performance 
Performance at base speed is shown in Figure 9.5 and is compared directly with the 
AHB under the same conditions i. e. Idenl=22.4A, Vdc=290V, speed=750rpm. Advance 
angles are optimised in both cases for maximum torque production. The only difference 
is that conduction angle with the AHB inverter has now been optimised for maximum 
torque output for a given current demand, which at this speed corresponds to a 
conduction angle of 175'. This demonstrates what the delta inverter cannot achieve. 
Under these conditions average torque output for the AHB is 49.5Nm compared to 
45Nm for the DPD inverter. Therefore at base speed an extra 10% torque can be 
achieved with the AHB, but at the same time copper loss increases by 45%. The DPD 
inverter is in effect forcing the machine to operate in a very efficient manner and will 
have a slightly reduced power capability for a given peak VA rating. 
Figure 9.6 shows operation at twice base speed (1500rpm with VdC=290V). Again 
advance angles have been optimised in both cases for maximum torque production, as 
has the conduction angle for the AHB inverter. It can be seen that the wavefornis are the 
same, except that with the AHB inverter can conduct each phase for longer and 
consequently produce more torque (the phase actually switches off here at 
approximately 3150 compared to 255 ' with the DPD inverter). Torque produced is 
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27.5Nm compared to the 23.8Nm produced by the DPD connected machine (15% 
more). 
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Figure 9.5 A comparison of measured performance at base speed with the AHB and DPD 
inverters. Phase currents are measured. Line current and torque are calculated (static torque 
curves). Advance angle optimised for maximum torque in both cases, conduction angle 
optimised for maximum torque for the AHB. 
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inverters. Phase currents are measured. Line current and torque are calculated (static torque 
curves). Advance angle optimised for maximum torque in both cases, conduction angle 
optimised for maximum torque for the AHB. 
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9.4.3 Torque-Speed Curve 
Torque-speed curves for both drives are shown in Figure 9.7 for a current demand of 
22.4A and a DC link voltage of 290V. It is possible to control the short pitched winding 
machine with the AHB in a variety of ways, but the comparison was made in a way 
which was thought to be as fair as possible. This meant that at low speed conduction 
angle was limited to 1200 - higher angles are possible but the gain in torque is not good 
compared to extra copper losses, and therefore is not likely to be operated in this 
manner. If more torque were required it would be better to increase current demand 
rather than increase conduction angle (from the point of view of both copper loss and 
inverter loss). 
At higher speeds, however, it is advantageous to obtain maximum torque output from 
the available DC link voltage. At these speeds the machine is in full voltage control and 
therefore increasing the current demand will have no effect. The only way to increase 
torque output is to increase conduction angle up towards 180*. The difference in the 
two curves at high speed therefore essentially demonstrates the difference between 120' 
and 180' control. Machine copper loss, torque per unit copper loss and torque ripple are 
shown in Figure 9.8. The advance and conduction angles used are shown in Figure 9.9. 
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Figure 9.8 Comparison of copper loss, torque per unit copper loss, and torque ripple in the DPD 
and A14B inverters for the torque shown in Figure 9.7. 
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9.4.4 Inverter rating 
Inverter loss 
This is estimated by the DSP in real time as described in Appendix C. Total inverter loss 
over the whole speed range was collected and is shown in Figure 9.10. These losses 
correspond to the torque-speed curves of Figure 9.7. Losses in the 'main' inverter i. e. the 
IGBTs and fast diodes are more important as their cost is much greater than the phase 
diodes. Therefore two curves are shown, with and without the phase diode loss. 
It can be seen that losses in the main part of the inverter are the same at low speed as in 
the AHB inverter. This is because the phase currents are very similar at this speed and 
two devices are needed in both inverters to control a phase. At higher speeds though 
losses in the DPD inverter drop dramatically. This is for two reasons: 
1) Conduction angle with the AHB inverter at high speed has been increased to 180' to 
maximise torque output, thereby increasing inverter losses. 
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2) Current is circulating around the delta part of the circuit at high speed in the DPD 
inverter. When a phase turns off some of its current can feed directly in to the next 
phase turning on. This reduces the current in the transistors and diodes. 
The effect of point 2) can be seen in Figure 9.11 which shows the currents in the upper 
and lower transistors compared to the phase currents. The current in TI has to conduct 
the full phase current until turn off of that phase. The current in T2, however, is reduced 
during the initial period of its conduction by an amount equal to the previous phase 
turning off. This is the current circulating around the delta part of the circuit and helps to 
reduce current in the transistors. A similar effect happens in the diodes in the main 
bridge as can be seen in Figure 9.12. DI conducts the full turn off current of one of the 
phases, however D2 has its current reduced by one of the other phases turning on. 
If the motor direction is reversed then it is the other pairs of transistors and diodes that 
have their current reduced. Therefore if bidirectional rotation is needed, silicon sizing 
cannot be reduced (compared to the use of the AHB inverter if it were controlled with 
1200 conduction). The only advantage here would be a possible reduction in heatsink 
size due to the reduction in overall loss. 
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Figure 9.10 Total inverter losses against speed, Ide. = 22AA, Vdc = 290V, IRGPH50KD2 IGBT. 
Switching loss based on 60OV. Losses for the delta are shown both with and without phase 
diode loss. 
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Figure 9.11. Current in TI and T2 compared to phase currents at twice base speed in the DPD 
inverter. 
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Figure 9.12. Current in DI and D2 compared to phase currents at twice base speed in the DPD 
inverter. 
Comparison with the fully pitched winding machine 
Section 8.3.3.4 of Chapter 8 showed that at low speed the fully pitched winding machine 
had the same inverter losses when driven from both the AHB and DID/DPD inverter. At 
high speed losses in the DID/DPD inverter were approximately one half A relative 
comparison can now be made with Figure 9.10. This shows approximately the same 
relationship between AHB and DPD inverter losses in the short pitched winding 
machine. This implies, then, that both the short pitched and fully pitched winding 
machines would exhibit the same inverter losses when driven from a DPD or DID 
inverter. 
Inverter VA rating 
The torque-speed graph shown is based on the same current demand with the same DC 
link voltage. Therefore peak transistor current and voltage is the same in both inverters. 
There are, however, two points to note with the DPD inverter: 
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1) Torque output is slightly lower at high speed. To correct for this, the number of turns 
would need to be reduced and the current demand increased, hence peak transistor 
current would be slightly higher in comparison. 
2) The phase diodes have not been included in the VA rating. These would be, however, 
relatively low cost as they are not fast recovery types. 
9.5 Current Sensors 
The waveforms shown in the previous sections of this chapter were achieved using a 
PID current controller operating from sensors measuring phase current. As was 
discussed in the previous chapter for the fully pitched winding machine, it would be 
advantageous to mount the phase diodes for the delta circuit in the motor. This would 
mean that only three power connections would be required to link the inverter to the 
motor. In practice this would require currents to be sensed within the inverter, rather 
than sensing of phase currents which would then only be accessible at the motor end. 
The schemes developed to achieve this are line currents sensing, inverter leg sensing, 
and DC link current sensing. Over the next few sections the impact of the schemes on 
current controllability, and hence performance, will be discussed. 
9.5.1 Control with Line Current Sensors 
An inspection of the current waveforms in Figure 9.4 reveals that the line current ILI is 
equal to 11 during the desired conduction period of phase I- ILI is equal to the difference 
between 11 and 13, and during this period 13 is zero. This means that control of the phase 
currents can indeed be achieved simply by sampling of the appropriate line current. This 
has been demonstrated on the test rig and results are shown in Figure 9.13. Current 
waveforms are identical to those achieved with phase current sensing throughout the 
speed range, and therefore overall motor drive performance is unaffected by using this 
method. The additional benefit is that only two line current sensors are required as the 
third line current can be calculated. As with phase current sensing, isolation is required 
between the sensors and the controller. 
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Figure 9.13 Measured current waveforms with current control using lin e current sensors. 
9.5.2 Control with Shunt Resistors in Each Inverter Leg 
As with the fully pitched winding machine, the timing of current sampling with inverter 
leg shunts depends on the position of the shunts, as well as the direction of rotation of 
the machine. 
Example A. Machine turning with phase sequence 1-2-3 
Consider an example with phase I conducting, phase 3 turning off and phase 2 already 
off. Here transistors TI and T4 are on, and line current IL2 needs to be sampled to 
control the phase currents as IL2ý12-1, =I,. The current flow in the inverter is shown in 
Figure 9.14 for this situation. IL2 can be measured with a shunt resistor in series with T4. 
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This means that in this direction of rotation control of the machine can be achieved with 
shunts resistors referenced to the negative of the DC link. Current sampling can take 
place in this 'on' state as well as one of the two freewheel states i. e. with T2, T4, T6 on. 
IDCý11-13 
TI/Dl I T3/D3 I T5/D5 
hL 
3 
IL2 =-I I 
IrirID 
IL3ý13 
T2/D2 I T4/D4 I T6/D6 
IDCý11-13 
Figure 9.14 Current flow for Example A. TI and T4 switched on, phase I conducting, phase 3 
turning off and phase 2 already off. Conducting parts of the circuit are shown in blue. 
Example B. Machine turning with phase sequence 1-3-2 
With the machine rotating in this direction, phase I is conducting, phase 2 turning off 
and phase 3 is already off. This is shown on Figure 9.15. This time line current ILI needs 
to be sampled as ILIAI-13: 41. Unfortunately sampling of this current requires shunt 
resistors to be placed in the top half of the inverter legs. If shunt resistors were to be 
placed in the lower half of the inverter legs then sampling of the required current could 
only take place during of the freewheel states i. e. with T2, T4, T6 on. 
The result is that if bidirectional rotation is required then either shunts would be required 
in both the top and bottom half of the inverter legs, or alternatively current sampling 
would have to be restricted to just one of the freewheeling states. The latter would mean 
that it would be impossible to apply full voltage to a winding continuously at the 
commutation points and sample currents at the same time. This may therefore affect 
current controllability and consequently machine performance. 
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Figure 9.15 Current flow for Example B. TI and T4 switched on, phase I conducting, phase 2 
turning off and phase 3 already off. Conducting parts of the circuit are shown in blue. 
9.5.3 Control with a DC Link Shunt Resistor 
Consider again the examples shown in Figure 9.14 and 9.15. The current flow in the DC 
link is shown with transistors TI and T4 on i. e. the state that applies a positive voltage 
to phase 1. The current flowing in the DC link in both cases is the difference between 
the conducting phase (phase 1) and the phase turning off. The phase current 11 cannot 
therefore be directly measured. Additionally, no current sample at all can be made in 
either of the freewheel states as no DC link current flows. 
The current waveforms shown in Figure 9.15 show what happens when this DC link 
current is used as the controlled parameter and controlled to a constant value. The effect 
is that the current in the phase turning off is added to the current in phase 1. Notice that 
the current 11-12 (ý-IL2) is now flat topped during the period that phase I is on, as that is 
the parameter now being controlled. 
The overall effect on the power electronic rating and the motor efficiency are, in fact, 
quite small and it is quite realistic to control this inverter drive with this single current 
sensor. Current demand for the same torque is reduced from 22.4A to 20.9A, however 
peak device current is in fact 24.7A due to the overshoot of the phase current as it turns 
on. As the machine approaches base speed and beyond the phase current waveforms 
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become more and more like the waveforms with phase sensor control. The efficiency at 
rated power and the torque-speed envelope is therefore the same. 
These are the waveforms achieved when the current sampled is controlled to a fixed 
current demand. It may well be possible to predict the value of the tail current and 
therefore compensate the current demand by the appropriate amount to achieve the 
desired phase currents. 
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Figure 9.16. Short pitched winding waveforms at 200rpm with one DC link sensor with 
lde, ý=20.9A, Vdý=290V. Phase Currents 1123 (measured), line current IL2. total machine torque 
(calculated). 
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9.6 Dead Time Effects 
The DPD inverter requires dead time control to avoid "shoot-through" in the inverter 
legs. The effect of this dead time on the current waveforms is shown in Figure 9.17. 
Here the current is being controlled with phase current sensors and a dead time of 2ps, 
and the effect occurs because of an unwanted switching state during this dead time. 
Consider an example shown between points A and B below. Phase I is under current 
control at the demanded value, phase 2 is switching off and phase 3 should not be 
conducting at all. As PWM current chopping is taking place, the switching state cycles 
between the l't, P and 01 states shown in Table 9.1 i. e. between the "on" state and die 
two freewheel states. The problem occurs when moving from the I" state to the 4 th state. 
Because of the dead time there will be a period when only T4 is on. With current 
flowing in phases I and 2 diodes D2 and D5 conduct, applying positive volts to phase 3. 
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Figure 9.17 The effect of 2ýts of dead time. ld,,, ý22AA, Vd, ý290V, control with phase current 
sensing. 
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This is the undesired state that results in phase 3 conducting with a small amount of 
current during its "off' period. The current rises until it becomes equal to that in phase 2 
(point B in Figure 9.17). The problem becomes self-limiting from this point onwards as, 
with the currents equal, D5 no longer conducts and a voltage is no longer applied to 
phase 3. Consequently phase 2 and phase 3 currents fall to zero as one. Inevitably 
negative torque is generated from this current but the amount is small, as torque is 
proportional to the square of the current in this unsaturated region of the machine. A 
scheme, however, very similar to that of the fully pitched winding machine (Appendix 
D) was developed that overcame the problem. The current waveforms presented 
throughout this chapter include this scheme and demonstrate that the effect can be 
eliminated with relatively simple compensating terms in the PWM generator. 
9.7 Other "Delta" Type Inverter Topologies 
Both the "Delta with Interphase Diodes" (DID) and the "Asymmetric Half Bridge with 
Interphase Diodes" inverter topologies that were described for the fully pitched winding 
machine can be used for the short pitched winding machine. A detailed investigation on 
the test rig however was not carried out, and therefore no results are presented in this 
chapter. 
9.8 Sinusoidal Control of Line Currents 
Control of line currents with sinusoidal demands was investigated with the aim of 
making the control method, as well as the inverter topology, as similar as possible to AC 
machines. Sinusoidal line currents would normally lead to sinusoidal phase currents, but 
the presence of the phase diodes means this waveform is offset with a net DC current, 
hence leading to positive torque production in the short pitched winding SR machine. 
Control Strategy 
Each line current is sampled and controlled independently to a sinusoidal shape with a 
PID controller. This differs from the strategy used so far in this chapter where the switch 
state of the whole bridge is controlled on the basis of one sampled current. Measured 
phase and line currents are shown in Figure 9.18 with a peak line current demand of 
22.4A. This is the same current demand used before with square shaped control. Line 
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current ILI is equal to 11-13 and, as expected, the phase currents are essentially offset 
sinusoidal currents. An exact offset sinusoid cannot be produced because the line 
controller is only able to control the difference between two phase currents, rather than 
each phase current itself Unlike induction machines, the variation in phase inductance 
with position ensures the phase current is not exactly sinusoidal. 
The torque produced from phase I is also shown in Figure 9.18, together with the total 
machine torque. This shows that very little negative torque is produced, even though the 
conduction period has become very large (approximately 300' at this speed). The shape 
of the current also ensures acoustically quiet operation, as the rate of change of flux in 
the stator poles rise and fall in a smooth fashion. Sudden changes in flux linkage 
experienced with square current demands, particularly at turn off, are known to 
contribute significantly to acoustic noise. 
At higher speeds both the line and phase currents become very non-sinusoidal, and these 
are shown in Figure 9.19 at base speed. This is also reflected in the torque-speed 
characteristic, which is shown in Figure 9.20 compared to the DPD inverter with square 
phase current control using the same peak current demand. 
Torque per unit copper loss against speed is shown in Figure 9.21 compared to square 
current control. Copper loss is generally worse for the same torque because the 
conduction angle is so large. Either small or negative amounts of torque are produced at 
the start and end of this conduction period, while reasonable amounts of copper loss are 
being generated. This could potentially be improved slightly by designing the machine 
to have a more sinusoidal variation of flux linkage with position, as with the prototype 
design of the fully pitched winding machine described in Chapter 4. 
Inverter losses are shown in Figure 9.22. While generally quite similar to square shaped 
control for the same peak current demand, losses are slightly lower at low speed with 
sinusoidal control. Figure 9.23 compares torque ripple over the speed range. The benefit 
of the large conduction angle with sinusoidal control can be seen at low speed, where 
torque ripple is now much lower. 
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Inverter rating, then, in terms of both inverter losses and peak VA is very similar to 
square shaped control, although some increase in both would be necessary to match the 
torque-speed curves. 
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Figure 9.18 Measured phase currents 1123, line current ILI, torque due to phase I and total torque 
for the DPD inverter with Id,, n = 
22.4A, Vdc = 290V, speed = 200rpm. 
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Figure 9.19 Measured phase currents 1123, line current ILI, torque due to phase I and total torque 
for the DPD inverter with Id,., =2 2AA, Vd, = 290V, speed = 750rpm (base speed). 
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Figure 9.21 Torque per unit copper loss for the torque produced in Figure 9.20. 
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Figure 9.22 Total inverter loss (not including phase diodes) for the torque produced in Fig. 
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Figure 9.23 Comparison of torque ripple for the torque produced in Fig. 9.20. 
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9.9 Summary 
The DPD inverter, which was demonstrated in Chapter 8 to be very successful for the 
ftilly pitched winding machine, has been investigated for the short pitched machine. The 
theory has shown that the correct voltages and currents can be applied to the machine 
both at low speed and high speed, so that drive performance should be largely similar to 
the AHB inverter. The DPD inverter, however, fundamentally restricts phase conduction 
angle to 120", which could restrict torque output, particularly at high speed. The theory 
also predicts that, in contrast to the fully pitched machine, no fundamental improvement 
in device duty cycle would be achieved, and hence inverter loss should be the same. 
A control strategy has been developed for square shaped current control and results from 
the test rig have demonstrated its use in practice. Due to the restrictions on voltage that 
can be applied to a delta type connection, the phase currents are characterised by a tail at 
turn off of a phase. The same effect was seen with the fully pitched winding machine. 
interestingly, the shape of this phase current is the same as that of the equivalent single 
tooth current in the fully pitched winding machine with the DPD inverter. This means 
that both machines produce the same shaped torque in each stator tooth. 
Measured performance results have shown the theory to be correct. Torque-speed curves 
for the same current demand are very similar. The AHB controlled machine is able to 
achieve slightly more torque over the whole speed range by increasing its conduction 
angle beyond 1200, but this is only achieved at the expense of greatly increased copper 
loss. Inverter loss is very similar for the same torque output, however at high speed there 
is some reduction due to the circulation of current around the delta part of the circuit 
which reduces transistor and diode duty cycle. 
A comparison can now be made with the fully pitched winding machine driven by the 
DPD inverter. Both machines display the same "external" characteristics in terms of 
inverter type, inverter rating, torque output, and even the shape of the torque produced 
in each stator tooth. The difference is that with the fully pitched winding machine this 
torque is produced with two phases conducting at the same time, resulting in lower 
copper losses and hence higher torque output for a given frame size. 
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Current sensing schemes have been investigated, including control with three phase 
sensors, two line sensors, three inverter leg shunts, and one DC link shunt. One of the 
benefits of the DPD inverter is that only three power connections are required between 
the inverter and the motor. If the motor is remote from the inverter then current sensing 
must be achieved within the inverter. As with the fully pitched winding machine, line 
current sensing with two sensors is able to control the machine exactly as with three 
phase sensors. Sensing with shunts placed in the lower half of the inverter legs (i. e. 
referenced to the negative DC link) is possible. Current samples, however, can only be 
made in the "on" state as well as a freewheel state if the machine rotates in one direction 
only. If bidirectional rotation is required, then shunts must also be placed in the upper 
half of the inverter legs to be able to continue sampling the current in the "on" state. 
Control with a single DC link shunt is also possible, but with two limitations. Current 
sampling can only take place in the "on" state, as no current flows in the DC link during 
the freewheel states. In addition the current that does flow in the DC link during the 
"on" state is not the ideal one needed to control the phase currents to a fixed current 
demand. Some distortion of the current shape occurs, which has a marginal effect on 
machine performance and inverter rating at low speed only. 
Instead of trying to control the phase currents to a fixed current demand, it is possible 
instead to control the line currents to a sinusoidal shape. This was implemented with a 
separate PID control loop on each line current and brings the SR drive another step 
closer to the inverter fed induction motor in terms of the hardware and software required 
to drive the motor. Results from the test rig have shown that torque-speed curve is 
slightly lower at high speed, and torque per unit copper loss is affected at low speed due 
to the long conduction angle. On the other hand torque ripple and acoustic noise are 
reduced. 
In summary, it has been shown that the short pitched SR motor can be driven 
successftilly with a modified three phase bridge. This brings about the opportunity to use 
standard three phase bridge power electronic modules and benefit from only needing 
three power connections to the motor, assuming the phase diodes can be mounted in the 
motor terminal box. Low cost current sensing schemes can be used, and the overall 
effect on power electronic rating and machine performance is small. 
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Chapter 10 - CONCLUSIONS 
10.1 General 
The switched reluctance motor has been extensively developed over the last 30 years 
with many advances in machine design and control. At the same time the decreasing 
cost of power electronic components and control electronics has resulted in its 
commercial viability in an ever increasing number of applications. 
SR motors with fully pitched windings have been shown to offer higher torque per unit 
copper loss due to the increased utilisation of the electric circuit. This leads to higher 
rated torque for a given frame size and a given temperature rise due to this increase in 
efficiency. At least two phases must be excited at any one time, as torque is produced 
from the change of mutual inductance between phases with position. With short pitched 
windings only one phase is generally excited as torque is produced from the variation of 
self inductance with position. 
10.2 Topologies 
A review of the fundamental operation of the machine shows that there are many 
geometries, ý number of phases and current waveshapes that are suitable, all of which 
differ in terms of key criterion, such as torque per unit copper loss and inverter rating. A 
two phase machine, for example, offers a significant reduction in copper loss as both 
phases conduct continuously. Operation requires a DC current in one phase and a 
bipolar current in the other phase. Various excitation patterns are possible with a four 
phase machine, the most efficient of which is bipolar operation with conduction for % of 
the time. A simple comparison, ignoring endwinding length, shows that copper loss can 
be reduced to 16.6% that of a4 phase short pitched winding machine with two phases 
excited. The drawback is that 16 power electronic switches are required, although each 
would conduct a much lower current. 
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A five phase machine is similar in that a bipolar waveform, conducting for 4/5 of the 
time, is the most promising. The simplistic analysis shows that copper losses are reduccd 
to 25% the short pitched winding machine, however twenty switches are required if Fl 
bridges are used. This could be reduced to 10 switches in a half bridge arrangement with 
the phases connected in a star. 
A three phase machine, utilising six power devices, offers a reduction of 50% in copper 
loss (ignoring endwindings) and operation with both unipolar and bipolar currents. This 
was, therefore, selected for detailed assessment and further development of machine 
design, control, and power electronic topologies. 
10.3 Simulation 
An accurate dynamic simulation tool is a key element in the comparisons. Based around 
the use of flux linkage/current/position data, effects such as magnetic saturation are 
modelled correctly. The use of transformation matrices considerably simplifies the 
simulation of the fully pitched winding machine with its strong mutual coupling 
between phases. Direct comparison with test rig results shows very good agreement 
even at high speed when heavy distortion of the current waveforms occur due to the 
mutual coupling. Accuracy is further improved at lower speeds due to detailed 
modelling of digital and analogue PWM current controllers. Deviations from the 
demanded current occur due to mutual coupling between phases if current controller 
bandwidth is not sufficient. Direct simulated comparisons with the short pitched 
winding machine show that because of these effects bandwidth needs to be increased to 
maintain a stable control system. 
10.4 Machine Design 
The design of the three phase prototype machine concentrates on maximising efficiency 
at the same time as reducing copper volume. If the stack design from a short pitched 
winding machine is taken and wound with fully pitched windings instead, then more 
copper will be used due to the length of the endwindings. This can be perceived as a 
disadvantage and therefore detailed design was carried out to minimise this extra copper 
265 
Chapter 10 -CONCLUSIONS 
while maintaining the advantage the fully pitched winding machine has in terrns or 
torque per unit copper loss. It is also beneficial, in a machine that exhibits greater 
winding efficiency, to shift the balance between the electric design and the magnetic 
design in favour of the latter. The design achieves this by decreasing the slot area mainly 
with an increase in split ratio, and tapering of the stator teeth. The latter increases the 
average tooth width while maintaining the same tooth width to tooth pitch ratio. FE 
analysis was used together with the simulation during the design process to ensure that 
copper volume is reduced while maintaining torque per unit copper loss. With these 
modifications the extra copper required with ftilly pitched windings is reduced from 
46% to 5.5%. 
10.5 Machine Performance 
Initial results from a test rig show that the torque-speed curves differ with each mode of 
operation i. e. unipolar, bipolar squarewave, sinusoidal and sinusoidal star connected. 
Examination of the flux linkage waveforms explains why this occurs. 
At low speed, with 27Nm of torque, the fully pitched machine has between 1.31 and 
1.56 times the torque per unit copper loss of a short pitched winding machine, 
depending on the excitation method used (bipolar squarewave being best). At base speed 
with 18Nm of torque, the figures are between 1.46 and 1.93 times the torque per unit 
copper loss. These comparisons are made on the basis of a measured value of phase 
resistance in the fully pitched winding machine and a theoretical value in the short 
pitched winding machine. 
Torque per unit copper loss varies as a function of torque due to saturation in the 
magnetic circuit. Comparisons were made at low speed under good current control. It is 
shown that the bipolar waveforms (i. e. bipolar squarewave and sinusoidal) exhibit 
relatively greater torque per unit copper loss at lower torques than unipolar operation or 
the short pitched winding machine. The reason for this is postulated, and this may be of 
further benefit to low speed operation of fan cooled machines where rated torque is low 
due to lack of cooling. 
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Rated torque over the whole speed range is determined from temperature rise tests on 
the prototype machine. This shows that bipolar squarewave operation is superior to 
unipolar operation over the whole speed range. Rated torque for unipolar operation at 
base speed is 23.3Nm compared to 25.7Nm for bipolar squarewave. These results would 
be further improved if the following are rectified - winding resistance is higher than 
expected due to unnecessary endwinding length, fill factor is low at 40%, and thermal 
conductivity between the winding and the stator core appears to be poor. Results are 
compared to a simulation of the short Pitched winding machine for the same loss at each 
speed. These indicate that at base speed rated torque with unipolar operation would be 
21% higher than the short pitched winding machine, and 33.9% higher with bipolar 
squarewave. Due to its higher torque per unit copper loss at lower torque outputs, 
bipolar squarewave operation exhibits 40% more torque at low speed. 
10.6 Inverter Rating 
Inverter ratings are compared in terms of both peak VA and inverter losses, with 
junction temperature the critical parameter in determining device rating. During very 
slow speed operation peak current determines the highest junction temperature, however 
at high speed average device losses are more appropriate. Comparisons show that 
inverter size in the fully pitched winding machine is generally higher, and it therefore 
becomes apparent that there is a trade-off of inverter rating and torque per unit copper 
loss. Sinusoidal operation yields a relatively small increase in torque per unit copper 
loss, while requiring a relatively large increase in inverter rating. Broadly speaking 
unipolar, sinusoidal star connected and bipolar squarewave lie on the same gradient of 
relative increase in torque per unit copper loss versus relative increase in inverter rating. 
The number of switches is taken into account in both inverter VA rating and inverter 
loss comparisons, however it is usually the case that a lower number of switches is 
beneficial due to space considerations as well as the cost of drive circuits. This may 
result in bipolar squarewave and sinusoidal operation fairing worse in a practical 
situation than these figures suggest, as twelve switches are required. Sinusoidal 
operation may fair relatively better as the topology required is a three phase bridge 
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where the freewheel diodes can be contained in the same package as the switches. It is 
also the same topology used with induction motor and brushless DC machines. 
10.7 Waveshape Optimisation 
A new technique to optimise the demanded current waveshape in the fully pitched 
winding machine is shown to be very successful. It requires no starting values and is 
able to quickly scan through many combinations of current waveshape, gradually 
becoming more and more accurate. The method is able to optimise currents either for 
maximum torque per unit copper loss or for smooth torque with lowest copper loss. it is 
able to work at both low and high speed due to the fact that the required change in flux 
linkage between points can also be taken into account. For a reasonahle search th-ne 12 
points on the waveform can be considered i. e. 30' (electrical) on a bipolar waveforni. 
The results show a significant improvement. Compared to squarewave current copper 
loss is reduced at low speed by 13%. At high speed the squarewave's copper loss 
increases very rapidly as current demand is increased to maintain a constant power. In 
contrast the optimised waveshape is able to maintain constant power while maintaining 
virtually a constant copper loss. Examination of the flux linkage waveforms shows that 
ftill voltage control does not yield the highest power output, and that the optimised 
waveshape is essentially the bipolar equivalent of unipolar operation. This explains why 
constant power operation can now be achieved. Smooth torque can be achieved up to 
base speed at the same time as reducing copper loss over bipolar squarewave. The 
optimisation schemes were implemented with a flux controller to ensure the demanded 
profiled currents were achieved. As the same method is used to calculate optimised 
waveforms at any speed, a smooth transition in waveshape can be achieved as the 
machine moves throughout the speed range. 
A delta connected system can also be considered as the optimisation method can take 
into account the restrictions on the available phase voltages in this topology. 
Perforinance is normally very poor with this topology, as the current controller cannot 
control the phase currents independently. The optimisation technique yields significant 
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improvements to inverter rating and machine performance, making a delta connected 
scheme a realistic and attractive topology due to its use of a three phase bridge inverter. 
10.8 Novel Inverter Topologies 
Three new inverter topologies are proposed for unipolar operation, two of which have 
been fully developed, namely the DID (Delta with Interphase Diodes) and DPD (Delta 
with Phase Diodes). Both the DID and DPD topologies achieve similar torque-speed 
results to the AHB inverter throughout the speed range when operated with a fixed 
current demand. Inverter losses, however, are reduced at low speed to one half of the 
AHB inverter, as at any one time only two devices need to conduct to supply two 
phases. At high speed there is an additional advantage as current is able to feed directly 
into the next phase turning on via one of the additional diodes, thereby reducing losses 
further. Machine efficiency is only marginally affected, and therefore it is shown that tile 
fully pitched winding machine can achieve greater efficiency without an increase in 
inverter rating (both in terms of peak VA as well as inverter losses). 
There are further benefits, especially for the DPD inverter, in terms of current sensing 
arrangements and the packaging of power electronic components. Control with only two 
line sensors is shown to produce the same current waveforms as three phase sensors. 
Control with one DC link sensor is possible with some deviation from the demanded 
level of current. The DPD inverter is simply a standard three phase bridge with the 
addition of three low cost standard recovery diodes which, if they were mounted in the 
motor terminal box, would allow only three wires to be required between the motor and 
inverter. 
The DPD inverter is shown to work with the short pitched winding machine. As the sum 
of the phase voltages must be zero with this topology, conduction periods must be 
restricted to 1200. Torque-speed performance is only slightly affected. Inverter losses in 
the main part of the bridge are the same at low speed, but improved at high speed due to 
the current circulating between phases in the delta configuration. As with the fully 
pitched winding machine operation is demonstrated with 2 line sensors as well as one 
DC link sensor. 
269 
Chapter 10 -CONCLUSIONS 
10.9 Summary of Operating Modes 
The following offers a qualitative summary of the performance of each motor drive with 
each operating mode and the further improvements that have been made to them. 
Unipolar -a significant increase in torque per unit copper loss is achievable compared 
to the short pitched winding machine with many geometries (note that generally the fully 
pitched winding machine offers the best improvements with longer rather than short 
aspects ratios and higher pole numbers). Unipolar excitation, however, shows among the 
least increase in torque per unit copper loss in comparison to other operating modes. 
Inverter rating is worse than the short pitched winding machine in terms of inverter 
losses. The DPD and DID inverter topologies, however, rectify this situation, and in fact 
improve inverter losses during high speed operation. In general, good motor drive 
performance is achieved at both high and low speeds with square shaped control, 
making it suitable for a wide range of applications, for example, a general purpose 
industrial drive. 
Bipolar Squarewave - This is the highest performing drive in terms of torque output. It 
clearly has the highest torque per unit copper loss at the same time as exhibiting 
relatively low torque ripple. Inverter rating is high and it suffers from the complexity of 
requiring 12 controlled switches, albeit at a lower rating. Profiling the bipolar currents 
improves torque per unit copper loss even further, becoming twice that of the short 
pitched winding machine with square shaped currents. Inverter rating is also improved 
due to better high speed performance. Smooth torque is achievable up to base speed 
with profiled currents. This makes this drive more suitable for, perhaps, servo type 
applications where torque per unit volume and/or smooth torque is paramount. 
Sinusoidal (with H bridge) - Torque per unit copper loss is good, however, inverter 
rating is very high even when compared to bipolar squarewave. Perhaps the only 
perceivable advantage is that sinusoidal shaped currents offer lower acoustic noise due 
to lower rates of change of current and flux linkage. Generally speaking a better trade- 
off of performance versus inverter rating is achieved with bipolar squarewave or 
sinusoidal star connected. 
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Sinusoidal Star - Both inverter rating and torque per unit copper loss are average for a 
fully pitched winding motor drive. A significant advantage, however, is apparent in that 
a standard three phase bridge topology can be used, allowing either the freewheel diodes 
to be contained within the same package as the switching devices or alternatively a 
standard module could be used. Therefore both the inverter topology and the shape of 
the currents become the same as the induction motor drive. As with unipolar operation, 
sinusoidal star could be suitable for many applications, although high speed 
performance is not as good. Some ftirther improvements may be possible if the current 
profiling optimisation technique was adapted for this topology. 
Delta (with bipolar operation) - Low speed performance is very poor as the phase 
currents cannot be independently controlled, making it an unrealistic drive in the 
majority of applications. Profiling the line currents, however, significantly improves 
performance and further analysis of inverter rating may show it to be an alternative to 
sinusoidal star connected. 
10.10 Further Work 
The work presented here is a detailed analysis of motor drive performance in three phase 
machines. Two, four and five phase machines have not been investigated in detail. The 
simplistic analysis of the potential reduction of copper loss indicates that several suitable 
excitation patterns and inverter topologies are possible. The two phase machine, for 
example, potentially offers the same reduction in copper loss as the three phase machine, 
but further work is required on inverter topologies and control methods to minimise 
inverter rating. Bipolar operation of the four phase machine appears to offer the largest 
reduction in copper loss of any fully pitched machine design, although the inverter 
component count is high. Simulation work would be required to develop control further 
and assess its true inverter rating and machine performance. 
Profiling currents produces significant improvements in performance. Work on the delta 
topology with bipolar currents is required to check the theoretical analysis and make 
ftuther improvements. Applying the optimisation technique to the star connected 
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machine may well also improve its performance. Both of these topologies are interesting 
as they use standard power electronic topologies. 
The DPD and DID topologies are very effective at controlling the fully pitched machine 
with unipolar currents. Work should be carried out on both the fully pitched and short 
pitched winding machines to develop this further. 
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Appendix A- FLUX LINKAGE MEASUREMENT 
METHOD 
Knowledge of the relationship between phase flux linkage, phase current and rotor 
position is essential in understanding and predicting the performance of the machine. 
For example it is used in the simulation to predict phase current from knowledge of the 
applied voltage and the position of the rotor. As explained in Chapter 3 this data can 
also be used as the basis to calculate the relationship between instantaneous phase 
torque, current and rotor position. 
Flux linkage can either be calculated from finite element analysis (see Chapter 4), or 
measured on an actual machine. The method for doing the latter is now explained. 
Equation A. 1 shows that the flux linkage is simply the integration over time of the 
voltage applied to a phase, minus the resistive voltage drop due to the current that is 
flowing. 
T= t(V-iR)dt (A.! ) 
The DSP was used to control these measurements. It was arranged so that it read the 
encoder position and outputted it to a display. The rotor could then be manually turned 
to a desired angle and then locked in that position to perform a set of flux linkage 
measurements. With the rotor locked the DSP applied voltage to the machine using the 
inverter. Note that, as explained previously, it was the equivalent per tooth flux linkage 
that needed to be measured, and so to achieve this two fully pitched winding phases 
needed to be excited in the fully pitched winding machine. Two windings were therefore 
connected in series for the purposes of this measurement to ensure that both conducted 
the same current. 
Phase current and applied voltage were then continuously sampled every 251is so that 
the integration in Equation A. 1 could be performed. The flux linkage needed to be 
known in steps of 0.5A up to a maximum value of 20A. With a voltage being applied 
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the current builds up, and every time it reaches one of these current steps the calculated 
flux linkage is noted by the DSP. A curve of flux linkage against current for one 
particular position is therefore built up. This process is then repeated for all the other 
desired rotor positions to build up the family of curves shown in Figure A. 1. Table A. I 
shows the same data but in a tabulated format. 
2- -------- - ----- ------- ------------------- --------- I ---------- ------ ---- - 
1.8 - --------- ------------------------------- ---------- I -------- 
1.6 -- -------------------------- 
1.4 -- ------- ------------------- ---- --- -- - 
1.2 1- ------- --------- - --- ----- ---------- ---- ...... 
---- -- - --- ---- ------- -------- - ----- - 
0.8 --------- - ------ 
0.6 - --- ---- -------- 
0.4 -------- --------- -------- 
0.2 -------------------------------- 
1-47 
0 
02468 10 12 14 16 18 20 
Current (A) 
Rotor Position 
(eiectrical deg) 
00 
-0- 11.25 
22.5 
N 33.75 
* 45 
-0--56.25 
fi 67.5 
-78.75 
-90 
101.25 
112.5 
123.75 
135 
146.25 
157.5 
168.75 
-180 
Figure A. 1 Measured flux linkage/current/rotor position curves for the prototype machine. 
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APPENDIX B -CALCULATION OF COPPER WEIGHT 
FOR EQUAL COPPER LOSSES 
Assume initially that the short pitched and fully pitched winding machines use the same 
diameter wire and the same number of turns per phase. Due to the extra endwinding 
length the phase resistance of the fully pitched winding machine is greater by a factor ot. 
R 
FP :- aRsp 
(B. 1) 
Copper loss is calculated in both machines using the following: 
Loss 3 21 2R (B. 2) 
FP FP FP 
Losssp = "(IS2 PRSPJ =12 R (B. 3) SP SP 
where, for the same the same tooth MMF, and hence torque (assuming unipolar 
excitation): 
Isp = 21 FP (B. 4) 
Substituting Equation BA and B. I into B. 2 and B. 3: 
Loss 
FP = 21 
2 
aRsp (B. 5) 
Loss, 
p = 
4,2 Rsp (B. 6) 
As the wire diameters are the same copper volume is proportional to the ratio of the 
phase resistances: 
CopperVol FP a CopperVolsp 
(B. 7) 
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If the losses in both machines are then forced to be equal then the resistance of the fully 
pitched winding must be increased by a further factor of P. Therefore, using Equations 
B. 5 and B. 6: 
(B. 8) 
To achieve the increase in phase resistance the cross sectional area (CSA) of the wire 
should be reduced by the factor of P. Copper volume is proportional to the wire CSA, 
therefore: 
CopperVol FP =a= 
a2 
CopperVolsp '8 2 
(B. 9) 
Table 4.1 in Chapter 4 can be used to calculate the value of cc for different stack lengths 
and pole numbers. Therefore, for example, cc--l. 46 for the 12-8 machine with a stack 
length of 150mm (and stator OD of 150mm). In this instance, then, the ratio of copper 
volumes in the two machines would be 1.066 for the same loss and torque output i. e. 
approximately the same. 
Note, however, that to equalise the losses the total cross sectional area of the fully 
pitched winding has been reduced by the factor 0 (=1.37, using equation B. 8). This 
means that the slot area could be reduced by the same factor, which would allow, for 
example, the stator tooth width or the split ratio to be increased. These have the effect of 
increasing torque for a given MMF. 
In this situation described, the MMF is equal in both machines, so the conclusion is that 
even with the same copper weight and the same copper loss, the fully pitched winding 
machine would still produce more torque for the same stack size. 
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Appendix C- TEST RIG DESCRIPTION 
CA Overview 
The test rig used for the newly designed fully pitched winding machine consists of the 
following main parts - the prototype fully pitched winding SRM, power converter, DSP 
based controller, DC load machine, and host PC with DSP emulator. A schematic 
representation of the physical arrangement is shown in Figure C. I. 
Position 
Encoder 
L Position 
Winding Feedbac 
Connections 
xack 
.T 
Power Current Feedback 
Electronics 
t 
Gate Signals 
Figure C. I Physical layout of the test rig. 
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C. 2 Power Converter 
A purpose designed voltage source power converter was constructed to enable the 
different inverter topologies to be easily arranged. The basic connection was three 'H' 
bridges, which enabled fully independent bipolar control of currents on each phase (see 
Figure C. 2). The same bridge could also be used for unipolar currents in exactly the 
same way as the standard asymmetric half bridge commonly used with SRMs. In other 
words devices T2, T3, D I, and D4 were still connected in the circuit but never conduct 
as the current is unipolar. This arrangement could also be reconfigured to a star or delta 
connection by only using three of the limbs. Semikron SKMIOOGBIOID IGBTs were 
used with a nominal maximum rating of 100A, 120OV. The rest of the power circuit 
was quite standard and consisted of a three phase rectifier, a 5mH DC link inductor and 
a 2200pF DC link capacitor. The IGBT drivers that were used were supplied by 
Concept, and these handled the necessary isolation. V,, (. t) overcurrent protection was 
provided and this was combined with other hardware protection signals such as 
overvoltage, phase overcurrent and heatsink over temperature, to initiate the tripping of 
the drive under fault conditions. 
TI/Dl T3/D3 At 
0m Phase A? Phase B Phase C? 
,, 
HPhase? 
3 Phase 
AC 
I s.,.,, Iy 
D3 
? 
k' 
T3/ 
j 
Phase A 
T2/DlH2T /D4 
Figure C. 2 Power converter in the 'H' bridge configuration, showing rectifier, DC link inductor 
and capacitor, phase windings and current transducers. 
C. 3 ControUer 
Control was centred around the Texas Instruments TMS320C31 DSP (digital signal 
processor). This is a 32 BIT floating point processor operating at 40MHZ. A rack based 
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processing system had already been developed as part of the CAPEC (Concerted Action 
on Power Electronics and Control) funded research in Newcastle University. Further 
work was carried out to extend the system for the purposes of testing the fully pitched 
winding SRM. This included a PWM controller based on FPGA programmable logic, a 
digital to analogue card to output sampled and calculated waveforms to an oscilloscope, 
and input cards to sample current and rotor position. The separate PWM controller was 
included to allow the DSP plenty of time for more analytical work such as estimation of 
torque and calculation of waveforms using the transformation matrices. The DSP itself 
was linked to a PC based emulator system for software development using aC compiler. 
PWM Controller 
The purpose of this controller was to convert the voltage reference signals (Vef), 
supplied from the software based current control loop, into gate signals. As with most 
PWM schemes this was achieved by comparing the Vref signal to a triangular wave and 
switching either the lower or upper device accordingly. Each leg of the inverter was 
operated independently from its own Vef signal. The DSP supplied +Vref to control one 
leg of a phase and -Vrf to the other leg. This enabled the switching frequency seen by 
the phase winding to be twice that of the switching frequency of the device, keeping 
switching losses down and taking noise into the inaudible range. The triangle wave and 
V,, f had a resolution of 8 bits. 
Features such as the PWM frequency and dead time were programmed by the DSP with 
an initiating routine. Switching frequency was set to I OkHz, which meant that the 
current control loop operated every 100ps. Dead time was set to 2gs. 
Control Scheme 
A schematic of the control scheme is depicted in Figure C. 3 with the current loop timing 
shown in Figure CA The whole control system was synchronised to the triangle wave 
on the PWM card. Synchronisation pulses were sent out at the peak of every triangle 
wave to initiate the first current control loop in the DSP. The function of this loop was 
to sample the encoder position and determine the phase current demands. On and off 
angles for current commutation were input manually with a paddle switch and indicated 
via an LED display. The rest of the time in this first control loop is taken up calculating 
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machine performance. Values such as torque, torque ripple, copper loss, inverter loss 
were estimated during this time and were averaged over several electrical cycles. 
Waveforms such as Phase current, torque, and flux are also sent to the 8 channel DAC 
card that was developed, for outputting to an oscilloscope. 
The DSP spent the time between this first control loop and the second one doing 
background tasks that did not need to be synchronised to the PWM. The estimated 
values such as torque, loss etc that had already been calculated were sent via a serial link 
to the host PC during this time, and displayed on a continuous basis. The DSP 
periodically stored the sampled waveforms and sent them down the serial link to be 
captured and stored in ASCII files in the PC. It is these values and waveforms that are 
the basis for most of the measured results shown in Chapters 5,6,7,8, and 9. Because of 
the way the waveforms are captured, the results shown are therefore subject to 100gs 
sampling. 
The second control loop was the one that actually contained the PID current control. 
This was initiated internally in the DSP by a software timer, which in turn was set by the 
hardware interrupt supplied by the synchronisation pulse. This software timer also 
outputted a hardware pulse to the ADC cards that initiated the sampling of currents at 
this point. The current error was then calculated, and voltage references generated via 
the PID gains. Finally these references were sent to the PWM controller and 
implemented there at the next synchronisation pulse (t-- 1 00[ts). 
It might be considered more normal to sample the current at the start of the PWM period 
i. e. t--O, with one control loop handling the voltage reference generation. However this 
results in a 100ps delay between the sampling of current and the new voltage demand 
being applied to the machine. This controller lag was found to very significant in 
affecting the stability of the system. With the speed of the DSP fixed., it was therefore 
essential to leave the sampling of the current until the last possible moment in the 
control cycle. To achieve this, any calculations that did not require the newly updated 
current sample were processed in the first loop, leaving only the minimum amount of 
work in the second loop. Chapter 6 discusses the impact this has on stability. 
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Figure C. 3 Current control schematic. 
Initiation of first control loop 
by synchronisation pulse 
I Position sample 
IA 
Current sample and 
initiation of second 
(PID) control loop 
ý Write to PWM controller 
Background 
Tasks 
t--o t--80gs t--lootis 
Figure CA Current control timing during one PWM cycle. 
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CA Performance Estimation Techniques 
This section describes the methods used by the DSP to estimate instantaneous electrical 
torque and inverter loss in real time. 
Torque Estimation 
The same method of torque estimation was used as in the simulation i. e. phase current 
and rotor position were sampled and torque calculated from predetermined 
characteristics. The DSP measured these values every 100gs and the following 
calculations were then performed during the first control loop to calculate torque: 
Sampled phase currents were converted into the equivalent single tooth currents 
using the transformation matrices (Equation 2.8 of Chapter 2). 
Instantaneous electrical torque can then be calculated from the torque/current/rotor 
position data, which was stored in the DSP as a look-up table. This data that had 
previously been calculated from the measured flux linkage data using the principle of 
co-energy (see section 4.3.4 of Chapter 4). The data used is shown again in Figure 
C. 5 and is tabulated at the end of this appendix. 
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Figure C. 5 Electrical torque against current and rotor position for the prototype machine 
calculated from the measured flux linkage data (curves are shown in steps of IA for clarity). 
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The torque values were stored in the look-up table in rotor angle steps of 11.250 
(electrical) and current steps of 0.5A. Linear interpolation was used to calculate values 
between any two points. 
The test rig also contained a torque transducer that was located between the SR machine 
and the DC load machine (see Figure CA). This was connected to its amplifier box 
which indicated a measurement of shaft torque. The DSP based torque estimator was 
compared to the torque transducer with the following results: 
Speed (rpm) Estimator reading Transducer 
reading 
Estimator - transducer reading 
400 25.6 24.9 0.7 
700 23.9 22.7 1.2 
1000 21.8 20.2 1.6 
1500 17.4 15.6 1.8 
Table C. I Comparison of methods of torque measurement. 
The main difference between the two measurement methods is that the torque transducer 
measures shaft torque and the DSP estimates electrical torque. The difference between 
the two is windage, friction and iron loss, which explains the increasing difference 
between the two measurements with speed. The DSP based measurement was the 
preferred method as it was much more consistent and reliable on a day-to-day basis 
which was essential when making accurate comparisons between different excitation 
methods. The torque transducer amplifier, on the other hand, was subject to drift and 
required significant time to warm up. 
Inverter Loss Estimation 
The method used to determine inverter loss was again very similar to that used in the 
simulation (see section 3.4.2 of Chapter 3). This gave a reasonably accurate guide to 
losses which was good enough to make comparisons of inverter rating between different 
methods of excitation. 
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Device conduction losses were approximated using ay= mx +c type of characteristic 
for IGBT Vce drop and diode Vf drop. Switching losses were based on knowing the 
energy dissipated for each switch on and off of the device at a given voltage and current 
which could easily be determined from the device datasheet. This value was then used in 
proportion to the actual values being switched. This method therefore takes in account 
the effect of IGBT tail currents and reverse recovery losses in the IGBTs due to the 
diodes. The PWM Vref value was used to decide whether a device is going to switch or 
not within a given PWM period. It was also used to determine the conduction period of 
the IGBTs and diodes for the conduction loss calculation. 
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1 
Rotor Position (electrical degrees) 
0 11.25 22.5 33.75 45 56.25 67.5 78.75 90 101.25 112.5 123.75 135 146.25 157.5 168.75 
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1 0.0 -0.5 -0.4 -0.5 -0.4 -0.5 -0.7 -0.6 -0.5 -0.7 -0.6 -0.6 -0.5 -0.2 -0.1 0.0 
2 0.0 -1.6 -1.8 -2.1 -1.9 -2.0 -2.3 -2.2 -2.1 -2.4 -2.3 -2.1 -1.6 -0.9 -0.4 -0.1 
3 0.0 -3.3 4.2 4.5 -4.3 4.4 4.5 4.7 4.7 -5.0 4.8 4.4 -3.4 -1.9 -0.9 -0.3 
4 0.0 -5.0 -7.4 -7.8 -7.4 -7.7 -7.8 -8.1 -8.1 -8.4 -8.2 -7.3 -5.7 -3.2 -1.4 -0.5 
5 0.0 -6.6 -10.2 -11.2 -10.9 -11.5 -11.6 -12.1 -123 -12.4 -11.9 -10.5 -8.2 4.8 -2.1 -0.9 
6 0.0 -7.8 -12.6 -14.4 -14.6 -15.6 -15.8 -16.5 -16.8 -16.7 -15.9 -14.0 -10.9 -6.5 -3.0 -1.3 
7 0.0 -9.0 -14.7 -17.3 -18.4 -19.9 -20.2 -21.1 -21.5 -21.3 -20.3 -17.6 -13.7 -8.5 -3.9 -1.7 
S 0.0 -10.0 -16.7 -20.2 -22.1 -24.2 -24.7 -25.8 -26.2 -25.9 -24.7 -21.4 -16.6 -10.5 -5.1 -2.3 
9 0.0 -11.1 -18.6 -23.0 -25.6 -28.3 -29.2 -30.6 -30.9 -30.5 -29.1 -25.3 -19.7 -12.6 -6.3 -2.9 
10 0.0 -12.1 -20.5 -25.8 -29.0 -32.2 -33.6 -35.3 -35.7 -35.2 -33.6 -29.3 -22.9 -14.8 -7.6 -3.5 
11 0.0 -13.1 -22.4 -28.5 -32.3 -36.1 -38.0 40.0 40.5 -39.9 -38.1 -333 -26.2 -17.1 -8.9 4.1 
12 0.0 -14.1 -24.2 -31.1 -35.5 -39.8 42.3 44.7 45.2 44.5 42.5 -37.3 -29.6 -19.6 -10.3 4.8 
13 0.0 -14.9 -25.9 -33.6 -38.6 43.5 46.6 49.3 49.8 49.1 46.8 41.2 -33.0 -22.2 -11.8 -5.6 
14 0.0 -15.8 -27.4 -35.9 41.6 47.3 -50.8 -53.9 -54.4 -53.5 -51.0 45.1 -36.4 -24.8 -13.4 -6.3 
15 0.0 -16.5 -28.8 -38.2 -44.6 -50.9 -55.0 -58.5 -59.0 -57.8 -55.0 -48.9 -39.7 -27.4 -15.1 -7.1 
16 0.0 -17.2 -30.1 40.3 -47.5 -54.5 -59.1 -62.9 -63.7 -62.2 -58.8 -52.6 -42.9 -30.0 -16.9 -7.9 
17 0.0 -17.9 -31.2 42.3 -50.3 -57.9 -63.0 -67.3 -68.5 -66.5 -62.5 -56.0 46.0 -32.8 -18.8 -8.7 
18 0.0 -18.5 -32.2 -44.1 -53.0 -61.1 -66.8 -71.6 -73.3 -70.9 -66.1 -59.3 -49.2 -35.6 -20.7 -9.6 
19 0.0 -19.1 -33.2 45.8 -55.5 -64.2 -70.4 -75.6 -78.1 -75.6 -69.8 -62.5 -52.3 -38.4 -22.6 -10.6 
20 1 0.0 -19.7 -34.0 47.3 -57.8 -67.0 -73.6 -79.3 -82.5 -80.4 -74.1 -65.9 -55.2 40.9 -24.4 -11.7 
1 
Rotor Position (electrical degrees) 
180 191.25 202.5 213.75 225 236.25 247.5 258.75 270 281.25 292.5 303.75 315 326.25 337.5 348.75 360 
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1 0.0 0.0 0.1 0.2 0.5 0.6 0.6 0.7 0.5 0.6 0.7 0.5 OA 0.5 0.4 0.5 0.0 
2 0.0 0.1 0.4 0.9 1.6 2.1 2.3 2.4 2.1 2.2 2.3 2.0 1.9 2.1 1.8 1.6 0.0 
3 0.0 0.3 0.9 1.9 3.4 4.4 4.8 5.0 4.7 4.7 4.5 4.4 4.3 4.5 4.2 3.3 0.0 
4 0.0 0.5 1.4 3.2 5.7 7.3 8.2 8.4 8.1 8.1 7.8 7.7 7.4 7.8 7.4 5.0 0.0 
5 0.0 0.9 2.1 4.8 8.2 10.5 11.9 12.4 12.3 12.1 11.6 11.5 10.9 11.2 10.2 6.6 0.0 
6 0.0 1.3 3.0 6.5 10.9 14.0 15.9 16.7 16.8 16.5 15.8 15.6 14.6 14.4 12.6 7.8 0.0 
7 0.0 1.7 3.9 8.5 13.7 17.6 20.3 21.3 21.5 21.1 20.2 19.9 18.4 17.3 14.7 9.0 0.0 
8 0.0 2.3 5.1 10.5 16.6 21.4 24.7 25.9 26.2 25.8 24.7 24.2 22.1 20.2 16.7 10.0 0.0 
9 0.0 2.9 6.3 12.6 19.7 25.3 29.1 30.5 30.9 30.6 29.2 28.3 25.6 23.0 18.6 11.1 0.0 
10 0.0 3.5 7.6 14.8 22.9 29.3 33.6 35.2 35.7 35.3 33.6 32.2 29.0 25.8 20.5 12.1 0.0 
I1 0.0 4.1 8.9 17.1 26.2 33.3 38.1 39.9 40.5 40.0 38.0 36.1 32.3 28.5 22.4 13.1 0.0 
12 0.0 4.8 10.3 19.6 29.6 37.3 42.5 44.5 45.2 44.7 42.3 39.8 35.5 31.1 24.2 14.1 0.0 
13 0.0 5.6 11.8 22.2 33.0 41.2 46.8 49.1 49.8 49.3 46.6 43.5 38.6 33.6 25.9 14.9 0.0 
14 0.0 6.3 13.4 24.8 36.4 45.1 51.0 53.5 54.4 53.9 50.8 47.3 41.6 35.9 27.4 15.8 0.0 
15 0.0 7.1 15.1 27.4 39.7 48.9 55.0 57.8 59.0 58.5 55.0 50.9 44.6 38.2 28.8 16.5 0.0 
16 0.0 7.9 16.9 30.0 42.9 52.6 58.8 62.2 63.7 62.9 59.1 54.5 47.5 40.3 30.1 17.2 0.0 
17 0.0 8.7 18.8 32.8 46.0 56.0 62.5 66.5 68.5 67.3 63.0 57.9 50.3 42.3 31.2 17.9 0.0 
18 0.0 9.6 20.7 35.6 49.2 59.3 66.1 70.9 73.3 71.6 66.8 61.1 53.0 44.1 32.2 18.5 0.0 
19 0.0 10.6 22.6 38.4 52.3 62.5 69.8 75.6 78.1 75.6 70.4 64.2 55.5 45.8 33.2 19.1 0.0 
120 10.0 11.7 24.4 40.9 55.2 65.9 74.1 80.4 82.5 79.3 73.6 67.0 57.8 47.3 34.0 19.7 0.0 
Table C. 2 Tabulated data for the torque/current/angle graph shown in Figure C. 5. 
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Appendix D- PWM TECHNIQUES FOR DID AND DPD 
INVERTERS 
D. 1 PWM Generation 
The switching states for control of a fully pitched winding machine with a DPD inverter 
are shown in Table D. I. These are used as the basis for the PWM methodology. The 
table details three basic switching states for each one third period of the electrical period 
- one 'on' state and two freewheeling states. Notice that the 'on' state only requires two 
switches to be turned on. In a standard three phase bridge drive circuit the two devices 
in a each half bridge are often controlled as a pair so that one of the devices is always on 
and the other is off (apart from in the dead time period when both are off). This can 
make control easier as one PWM generator is used to control a pair of devices, as one is 
the compliment of the other. 
Phases Switches On Condition Phase A Phase B Phase C 
desired on Voltage Voltage Voltage 
A&B TI, T6 IAý4B 0 +Vdc -Vdc 
TI, T6 IA"ID +Vdc 0 -Vdc 
TI, T3, T5 0 0 0 
T2, T4, T6 0 0 0 
B&C T3, T2 IBý4C -Vdc 0 +Vdc 
T3, T2 IB": IC -Vdc +Vdc 0 
TI, T3, T5 0 0 0 
T2, T4, T6 0 0 0 
C&A T5, T4 IC>IA +Vdc -Vdc 0 
T5, T4 IC<IA 0 +Vdc 
TI, T3, T5 0 0 0 
T2, T4, T6 0 0 0 
Table D. I Summary of the useful switching states for current control and the resulting winding 
voltages. 
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If this is the case with this inverter then a slight complication is added because in the 
6on' state only two devices are actually required on rather than three. If the 
complimentary switching is to be used then the controller has to decide to turn on 
another switch. This of course must not affect the voltages that are applied to the 
winding. 
The PWM is generated as follows. The PID control loop decides the duty cycle to apply 
to the whole bridge made on the basis of the current sampled in the phase that is in the 
first half of its conduction period. The duty cycle, or voltage reference (Vrf), is then sent 
to the PWM generator. In the case of the test rig the PID control loop was implemented 
in the DSP and the PWM generator in an FPGA. That voltage reference is then 
compared to a triangle wave, which is generated at the desired switching frequency of 
the transistors. The negative of Vref is also generated (with Vef=O being at the centre of 
the triangle wave). It then depends on which phases are desired on as to which pairs of 
transistors receive +Vef and which ones receive -Vef. An example is given in Figure 
D. 1 with phases A and B desired on, and phase C desired off. The resulting voltages that 
would be applied to the winding by the inverter are also shown. It can also be seen that 
with this method the frequency of the applied voltage to the motor is twice that of the 
switching frequency of the transistors. This enables inaudible operation to be more 
easily achieved and spreads losses more evenly between devices. 
Notice that with phases A and B on, only devices TI and T6 actually need to be turned 
on. In the example in Figure DA the controller has decided to turn T3 on as well at this 
time because of the situation described above with complimentary switching. The 
alternative would have been to turn T4 on as this is the other half of the pair. However 
the controller made this decision because it knew that IA was greater than IB, which 
means that diode D3 would already be conducting with the difference of the two phase 
currents. Turning T3 on therefore does not affect the voltages applied to the winding and 
achieves the desired goal of complimentary switching all the devices. This therefore 
requires knowledge of whether certain phase currents are greater or smaller than the 
others for the scheme to work. If this is not known then individual PWM generators 
would be needed for each device. This situation would occur when sensing only DC link 
current or inverter leg currents. 
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Note that negative volts should not be allowed to be applied to the phase that is in the 
first half of its conduction period i. e. the phase that the current sample is being taken 
from to determine the PWM duty cycle. Negative volts should never be needed on the 
phase that is in the first half of its conduction period, but if it were applied then this 
would mean that negative volts could not be applied to the phase turning off. To prevent 
this from happening +V,, f should not be allowed to fall below zero. 
+Vref 
0 
-Vref 
Tl 
T2 
T3 
T4 
T5 
T6 
Va 
Vb 
Vc 
Figure D. 1 PWM strategy for the example with phases A and B on, phase C off, and IA > IB- 
Two PWM periods shown. DPD inverter. 
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D. 2 Dead Time Effects and Compensation 
Chapters 8 and 9 described the effects of dead thne on the current waveforrn with the 
DPD inverter. This section describes in more detail the dead time compensation scheme 
that is used to bring the waveforms back to the desired shape. 
Figure D. 2 shows the PWM generation including the dead time control between the 
upper and lower devices. The resulting voltages applied to the winding are also shown. 
This waveform assumes perfect switching which is clearly not possible as dead time 
control would not be needed in the first place, but it does give a qualitative view as to 
what the effect is. It can be seen that, during the dead time period, phase A receives 
negative volts rather than the zero volts that are required, and phase C receives zero 
volts rather than negative volts. This explains, for example, why in Figure 8.26 of 
Chapter 8 the waveforms become distorted - the commutation spike comes down faster 
than it would normally do because it is receiving negative volts when it should be 
receiving none. These negative volts should be being applied to the phase turning off 
and that is why the tail lasts longer than it should. The result is that the tail current and 
the commutation spike do not cancel each other out resulting in the line current and the 
equivalent single tooth cur-rents becoming distorted from the ideal. 
A method was therefore developed to counteract this effect. A compensating value can 
be added to the voltage reference, Vef, of appropriate pairs of switches. The result is that 
those waveforms shift in time slightly as shown in Figure D. 3. The voltage outputs from 
the inverter are then restored to the correct shapes. This method has been shown to work 
well on the test rig and, as Figure 8.27 shows in Chapter 8, the current waveforms are 
indeed restored to the correct shape. This has been tried with various values of dead time 
up to 8ps with complete success. The only complication is that the V,, f compensation 
value depends not only on the dead time that is being used, but also on the current 
switched and the DC link voltage. This is thought to be due to the variation in switching 
time with current, which affects the effective dead time period. In a real application the 
DC link voltage may not vary enough to affect the value, but the current switched will 
vary. 
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+Vref 
0 
-Vref 
TI 
T2 
T3 
T4 
T5 
T6 
Va 
Vb 
Ve 
Figure D. 2. PWM generation in the DPD inverter including dead time control. The resulting 
idealised voltage output from the inverter on each phase also shown (assuming IA > IB > IC)- 
+Vref 
0 
-Vref 
TI 
T2 
T3 
T4 
T5 
T6 
Va 
Vb 
Vc 
Figure D. 3. As Figure D. 2, but with dead time compensation on TIM. 
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However it should be quite possible to use a simple linear equation to determine the Vef 
compensating value based on the current being switched, and it is not critical to 
compensate for this effect entirely. 
Finally, with the DPD inverter, the following transistors should be paired together if 
complimentary switching is required - 
Pair I- Tl and T6 
Pair 2- T2 and T3 
Pair 3- T4 and T5 
DID inverter 
Figure DA shows an example of PWM in the DID inverter together with the resulting 
phase voltages, assuming idealised transistors. 
In this type of inverter dead time control is not required, as the shoot through situation 
cannot occur. On the test rig, however, the same PWM controller was used on both 
types of inverter and it was found that using a small amount of dead time together with 
the compensation technique improved the shape of the current waveforms. Without any 
dead time at all the waveforms were slightly distorted, but not as much as with the DPD 
inverter. This effect occurs with the DID inverter as well because the transistors do not 
switch instantaneously, meaning that there is some overlap between the switching of 
complimentary pairs. This does not cause a shoot through in this inverter, but does 
distort the current. The amount of overlap depends on the current switched, and 
therefore to correct the effect under all conditions some dead time should be included, 
and then voltage reference compensation terms added that are a function of current (as 
with the DPD inverter). 
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Figure DA. PWM generation in the DID inverter. The resulting idealised voltage output from 
the inverter on each phase also shown with IA > IB : ý' IC- 
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